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ABSTRACT	  	  PREDICTED	  PERFORMANCE	  OF	  A	  SKYTHERM	  NORTH	  WITH	  A	  HIGHLY	  INSULATED	  BUILDING	  ENVELOPE	  SYSTEM	  	  By	  	  Kitrina	  Stratton	  	  Alfredo	  Fernández-­‐González,	  Examination	  Committee	  Chair	  	  Professor	  of	  Architecture	  	  Director	  of	  the	  Natural	  Energies	  Advanced	  Technologies	  Laboratory	  	  	  	   How	  do	  you	  design	  a	  durable,	  sustainable,	  and	  financeable	  Net	  Zero	  Energy	  house	  for	  a	  cold	  weather	  climate	  using	  little	  or	  no	  external	  energy	  that	  is	  also	  affordable?	  	  Reviewing	  all	  of	  the	  factors	  that	  would	  influence	  the	  design	  and	  materials	  selection	  of	  an	  appropriate	  response	  to	  the	  issues,	  the	  perfect	  system	  for	  housing	  people,	  whether	  it	  is	  in	  response	  to	  affordability,	  durability,	  comfort,	  cultural	  sensitivity,	  appearance	  or	  being	  locally	  appropriate,	  is	  using	  some	  kind	  of	  straw	  bale	  construction	  system	  with	  an	  integrated	  frost	  protected	  shallow	  foundation	  and	  a	  SkyTherm	  North	  design.	  	  	   The	  focus	  and	  intention	  of	  this	  research	  is	  to	  investigate	  a	  combined	  system	  using	  the	  three	  integrated	  strategies	  to	  provide	  an	  affordable,	  durable	  and	  sustainable	  Net	  Zero	  housing	  design	  for	  a	  cold	  climate.	  Those	  strategies	  are,	  namely,	  1)	  A	  SkyTherm	  North,	  2)	  Highly	  insulated	  building	  envelope,	  Straw	  bale	  Construction,	  with	  super-­‐windows,	  and	  a	  3)	  Frost	  Protected	  Shallow	  Foundation.	  A	  computer	  added	  design	  of	  a	  prototype	  is	  used	  to	  simulate	  the	  design	  strategies	  with,	  but	  not	  limited	  to,	  HEED,	  Energy	  Scheming,	  and	  EQuest.	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   The	  definition	  of	  housing	  that	  will	  used	  is	  from	  Paul	  Pholeros	  (2013)	  and	  states	  the	  following:	  “The	  needs	  of	  an	  individual/family	  to	  experience	  security	  and	  safety,	  in	  all	  aspects	  of	  living,	  in	  an	  ongoing	  situation	  be	  viewed	  and	  accepted	  as	  a	  basic	  human	  right.	  	  The	  elements	  of	  this	  need	  include	  dependence	  on	  clean	  water	  at	  all	  times,	  continually	  working	  sanitation	  facilities,	  thermally	  comfortable	  living	  environment,	  working	  and	  workable	  food	  preparation	  and	  cooking	  facilities,	  clean	  and	  efficient	  sleeping	  areas,	  fresh	  air	  and	  damp	  free	  living	  environments,	  durable	  and	  easily	  maintained	  systems,	  and	  most	  of	  all,	  a	  beautiful	  and	  nurturing	  place	  to	  call	  home.”	  	  	   This	  research	  will	  predict	  and	  validate,	  through	  energy	  modeling	  software	  programs,	  an	  affordable,	  sustainable,	  and	  durable	  highly	  efficient	  building	  system	  designed	  as	  a	  unit,	  will	  provide	  100%	  of	  the	  thermal	  comfort	  necessary	  in	  most	  of	  the	  worlds	  climates	  without	  use	  of	  any	  exterior	  active	  strategies.	  	  NEEDED:	  EVIDENCE	  BASED	  DESIGN	  AND	  PROPOSAL	  FOR	  PROTOTYPE	  	   The	  research	  will	  focus	  on	  an	  investigation,	  design	  and	  modeling	  of	  a	  super	  insulated	  building	  envelope	  system	  with	  a	  roof-­‐pond	  north	  design	  that	  will	  supply	  100%	  of	  the	  heating	  and	  cooling	  needs	  in	  most	  of	  the	  world’s	  climates.	  	  	   A	  prototype	  unit	  will	  be	  built	  with	  the	  strategies	  evaluated	  with	  the	  energy	  modeling	  software.	  The	  software	  will	  be	  used	  to	  guide	  in	  the	  design	  so	  that	  100%	  of	  thermal	  comfort	  will	  be	  generated	  by	  all	  of	  the	  passive	  strategies.	  The	  built	  prototype,	  once	  data	  is	  collected	  and	  analyzed,	  will	  be	  used	  to	  revise	  and	  adapt	  strategies	  to	  accomplish	  the	  most	  efficient	  structure	  possible.	  After	  this	  is	  finished	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another	  livable	  full-­‐scale	  structure	  will	  be	  built	  for	  more	  research	  and	  validation	  and	  provide	  permanent	  occupancy.	  The	  benefits	  and	  results	  of	  this	  research	  will	  produce	  a	  desirable,	  highly	  efficient,	  sustainable	  and	  affordable	  dwelling	  that	  is	  accessible	  and	  can	  endure	  the	  test	  of	  time.	  What	  a	  valuable	  asset	  for	  any	  family,	  neighborhood	  and	  the	  larger	  community	  as	  a	  whole.	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CHAPTER	  1	  CONTEXT	  
	  	   	   “Climate	  change,	  once	  considered	  an	  issue	  for	  a	  distant	  future,	  has	  moved	  firmly	  into	  the	  present.	  Corn	  producers	  in	  Iowa,	  oyster	  growers	  in	  Washington	  State,	  and	  maple	  syrup	  producers	  in	  Vermont	  are	  all	  observing	  climate-­‐related	  changes	  that	  are	  outside	  of	  recent	  experience.	  So,	  too,	  are	  coastal	  planners	  in	  Florida,	  water	  managers	  in	  the	  arid	  Southwest,	  city	  dwellers	  from	  Phoenix	  to	  New	  York,	  and	  Native	  Peoples	  on	  tribal	  lands	  from	  Louisiana	  to	  Alaska.	  This	  National	  Climate	  Assessment	  concludes	  that	  the	  evidence	  of	  human-­‐induced	  climate	  change	  continues	  to	  strengthen	  and	  that	  impacts	  are	  increasing	  across	  the	  country”	  (NCA	  2014,	  4).	  	  	   For	  the	  last	  three	  to	  four	  decades	  the	  underlying	  body	  of	  science	  around	  climate	  change	  has	  grown	  substantially.	  National	  and	  international	  scientific	  bodies	  have	  reviewed	  this	  science	  on	  almost	  an	  annual	  basis	  since	  the	  late	  1970’s	  (MPCA	  2003).	  Climate	  scientists	  confirm	  that	  the	  general	  public’s	  observations	  are	  consistent	  with	  measured,	  significant	  changes	  in	  the	  Earth’s	  climatic	  trends.	  The	  earth	  is	  warming	  as	  long-­‐term,	  independent	  records	  from	  weather	  stations,	  satellites,	  ocean	  buoys,	  tide	  gauges,	  and	  many	  other	  data	  sources	  all	  confirm	  (NCA	  2014,	  4).	  NASA	  (2014)	  reports	  that	  precipitation	  patterns	  have	  and	  are	  continuing	  to	  change,	  sea	  levels	  have	  risen	  and	  are	  projected	  to	  continue,	  the	  oceans	  are	  becoming	  more	  acidic,	  and	  the	  frequency	  and	  intensity	  of	  some	  extreme	  weather	  events	  are	  increasing	  as	  just	  experienced	  across	  the	  United	  States	  in	  the	  Spring	  of	  2014.	  Ninety-­‐seven	  percent	  of	  climate	  scientists,	  along	  with	  leading	  worldwide	  scientific	  organizations	  who	  have	  publically	  endorsed	  this	  position,	  agree	  that	  climate-­‐warming	  trends	  over	  the	  past	  century	  (Figure	  1)	  are	  very	  likely	  due	  to	  human	  activities	  and	  as	  these	  activities	  continue,	  warming	  will	  continue	  (NASA	  2014).	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Table	  1.	  Temperature	  data	  from	  four	  international	  science	  institutions	  (NASA	  2014).	  
 	   	  	   As	  the	  impacts	  of	  climate	  change	  are	  becoming	  more	  and	  more	  noticeable,	  people	  around	  the	  world	  have	  some	  choices	  to	  make.	  The	  amount	  of	  future	  climate	  change	  will	  be	  determined	  by	  choices	  societies	  make	  primarily	  about	  their	  CO2	  emission	  activities	  and	  how	  much	  they	  want	  to	  participate	  in	  the	  overall	  contribution	  to	  lowering	  them	  so	  the	  entire	  world	  can	  benefit.	  	  	   It	  has	  been	  known	  for	  almost	  two	  centuries	  that	  carbon	  dioxide	  (CO2)	  traps	  heat	  within	  the	  atmosphere	  and	  that	  CO2	  can	  be	  neutralized	  by	  the	  presence	  of	  trees	  (AEA	  2008).	  However	  the	  clear	  cutting	  of	  forests	  around	  the	  world	  along	  with	  the	  burning	  of	  coal,	  oil,	  and	  gas	  have	  increased	  the	  concentration	  of	  carbon	  dioxide	  in	  the	  atmosphere	  by	  more	  than	  40%	  since	  the	  Industrial	  Revolution.	  	  At	  the	  same	  time,	  methane	  and	  nitrous	  oxide	  emissions	  from	  agriculture	  production	  and	  other	  human	  activities	  like	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development	  and	  building	  construction	  have	  added	  to	  the	  atmospheric	  burden	  of	  heat-­‐trapping	  gases	  (NCA	  2014,	  6).	  Because	  of	  past	  and	  present	  emissions	  of	  heat-­‐trapping	  gases,	  climate	  change	  impacts	  have	  become	  unavoidable	  and	  are	  currently	  being	  experienced	  around	  the	  world.	  	   Efforts	  to	  establish	  limits	  on	  emissions	  or	  increase	  carbon	  uptake	  (sequestration)	  fall	  into	  a	  category	  of	  response	  options	  known	  as	  mitigation.	  This	  is	  when	  a	  reduction	  in	  the	  amount	  and	  speed	  of	  future	  climate	  change	  happens	  by	  reducing	  or	  eliminating	  emissions	  of	  heat-­‐trapping	  gases	  or	  removing	  carbon	  dioxide	  from	  the	  atmosphere	  or	  sequestration	  (NCA	  2014,	  12).	  	   Adaptation	  is	  also	  another	  category	  of	  response	  options.	  This	  category	  refers	  to	  any	  actions	  that	  help	  to	  prepare	  and	  adjust	  whatever	  is	  possible	  to	  the	  new	  conditions,	  reducing	  as	  much	  harm	  as	  conceivable	  or	  taking	  advantage	  of	  any	  opportunities	  with	  new	  innovations	  and	  ideas	  (NCA	  2014,	  12).	  	   A	  comprehensive	  climate	  change	  response	  strategy	  uses	  both	  mitigation	  and	  adaptation	  activities	  which	  are	  linked	  in	  various	  ways,	  with	  effective	  mitigation	  reducing	  the	  need	  for	  future	  adaptation	  (NCA	  2014,	  12).	  The	  immediate	  threat	  of	  irreversible	  impacts	  on	  the	  earth	  makes	  the	  timing	  of	  mitigation	  and	  adaptive	  efforts	  a	  somber	  priority.	  	  	   In	  the	  next	  two	  decades	  the	  world	  will	  be	  built	  and	  rebuilt	  to	  an	  area	  roughly	  equaling	  60%	  of	  the	  total	  building	  stock	  of	  the	  world,	  around	  900	  billion	  square	  feet.	  Architecture	  2030	  believes	  that	  there	  is	  a	  huge	  opportunity	  to	  reduce	  CO2	  emissions	  by	  “setting	  the	  entire	  global	  Building	  Sector	  on	  a	  path	  to	  peak	  emissions	  by	  the	  year	  2020,	  and	  completely	  phasing	  out	  CO2	  emissions	  by	  about	  2080”	  (Roadmap	  2014).	  Since	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urban	  areas	  are	  responsible	  for	  over	  70%	  of	  global	  energy	  consumption	  and	  CO2	  emissions,	  mostly	  from	  buildings,	  both	  mitigation	  and	  adaptive	  strategies	  have	  started	  to	  take	  hold	  and	  have	  already	  had	  impacts	  on	  emission	  outputs.	  Knowing	  the	  emissions	  impacts	  of	  building	  materials	  and	  using	  more	  appropriate	  ones	  is	  one	  step	  in	  a	  mitigation	  strategy	  (Figure	  1).	  	  
	   	   Principal	  Human	  Sources	  of	  Greenhouse	  Gases	  	  
	  
Figure	  1.	  	  Principal	  human	  sources	  of	  greenhouse	  gases	  (MPCA	  2003)	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   Table	  2	  stresses	  the	  even	  more	  important	  comparisons	  that	  can	  be	  made	  between	  the	  CO2	  emission’s	  numbers	  of	  developed	  countries	  versus	  developing	  countries,	  highlighting	  how	  much	  more	  impact	  developing	  states	  are	  having	  on	  the	  overall	  CO2	  emission’s	  numbers.	  This	  effect	  is	  not	  only	  caused	  by	  new	  development	  but	  also	  by	  older	  inefficient	  structures	  along	  with	  inadequate	  access	  to	  clean	  and	  efficient	  cooking	  and	  heating	  fuel	  sources	  for	  low-­‐come	  and	  the	  poor	  in	  these	  countries	  (Roadmap	  2014).	  
	  
Table	  2.	  	  Building	  Sector	  CO2	  Emissions	  Projections.	  Many	  countries	  have	  been	  reducing	  
their	  CO2	  emissions	  annually,	  but	  some	  developed	  and	  developing	  countries	  still	  have	  been	  
steadily	  increasing	  their	  annual	  CO2	  emissions	  (RoadMap	  2014).	  	  	   The	  Zero	  Emissions	  strategies	  tackle	  the	  creation	  of	  low-­‐carbon	  and	  zero-­‐carbon	  cities,	  districts,	  and	  buildings	  that	  dramatically	  reduce	  their	  environmental	  impact	  and	  exposure	  by	  creating	  environmental	  adaptability,	  ensuring	  access	  to	  inexpensive	  and	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renewable	  site	  energy	  sources,	  and	  by	  minimizing	  consumption	  of	  natural	  resources,	  undeveloped	  land,	  and	  potable	  water	  (Architecture	  2030.org	  2014).	  	  	   Comparisons	  and	  projections	  were	  made	  for	  four	  possible	  CO2	  emissions	  peak	  outcomes	  (Representative	  Concentration	  Pathways	  [RCP]),	  which	  are	  illustrated	  in	  figures	  4-­‐5.	  	  Depending	  on	  the	  choice’s	  the	  world’s	  building	  sector	  makes,	  the	  outcomes	  will	  vary	  and	  different	  CO2	  emissions	  levels	  can	  be	  achieved.	  In	  order	  to	  keep	  from	  emitting	  the	  maximum	  level	  of	  one	  trillion	  tons	  of	  carbon	  by	  the	  year	  2099,	  an	  emissions	  peak	  needs	  to	  happen	  by	  2020	  with	  complete	  phase	  out	  of	  conventional	  fossil	  fuels	  by	  year	  2070	  (Table	  3)	  (Roadmap	  2014).	  	  	   	   Pathways	  for	  Fossil	  Fuel	  Carbon	  Emissions	  to	  2100	  
	  
	   Table	  3.	  CO2	  levels	  and	  the	  phasing	  out	  of	  conventional	  fossil	  fuels	  (RoadMap	  2014)	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   If	  the	  world’s	  people	  want	  to	  ignore	  projections	  and	  refuse	  to	  seriously	  address	  climate	  change	  in	  whatever	  way	  possible,	  the	  planet	  will	  continue	  to	  warm	  and	  a	  deteriorating	  climate	  system	  will	  result.	  An	  IPCC	  reported	  model	  projects	  the	  planet	  will	  keep	  warming	  and	  it	  will	  be	  virtually	  impossible	  to	  bring	  global	  average	  temperature	  back	  under	  the	  2°C	  threshold	  if	  the	  world	  exceeds	  the	  carbon	  budget	  of	  one	  trillion	  tons	  (Table	  4)	  (Roadmap	  2014).	  	  	   	   Global	  Temperature	  Projections	  for	  Various	  RCP	  Scenarios	  
	  
	   Table	  4.	  Exceeding	  the	  carbon	  budget	  of	  one	  trillion	  tons	  (Roadmap	  2014).	  	   	  	   Given	  these	  projected	  pathways,	  it	  is	  clear	  we	  must	  explore	  and	  implement	  any	  and	  all	  rapid	  and	  feasible	  routes	  to	  reach	  zero	  global	  CO2	  emissions	  by	  the	  end	  this	  century	  (Roadmap	  2014).	  	   The	  most	  effective	  way	  to	  establish	  and	  accomplish	  the	  goals	  of	  Zero	  Carbon	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emissions	  in	  the	  building	  sector	  is	  by	  changing	  the	  way	  cities,	  communities,	  infrastructure,	  and	  buildings,	  are	  planned,	  designed,	  and	  constructed.	  The	  regional	  development	  of	  adaptive,	  resilient,	  built	  environments	  that	  can	  manage	  the	  impacts	  of	  climate	  change,	  preserve	  natural	  resources,	  and	  access	  low-­‐cost,	  renewable	  energy	  resources	  must	  be	  set	  in	  place	  immediately	  (Architecture2030.org	  2011).	  In	  the	  U.S.,	  the	  Partnership	  for	  Sustainable	  Communities	  is	  working	  to	  reduce	  pollution	  and	  thus,	  CO2	  emissions	  through	  six	  principles	  of	  livability	  with	  three	  of	  the	  principles	  being	  directly	  related	  to	  the	  building	  sector;	  the	  promotion	  of	  equitable	  and	  affordable	  housing;	  valuing	  communities	  with	  walk-­‐able	  neighborhoods,	  and	  supporting	  existing	  communities	  with	  mixed	  use	  sustainable	  development	  and	  the	  recycling	  of	  older	  buildings	  (PSC	  2014).	  	  
1.1	  THE	  “ENERGY	  USAGE,	  SUSTAINABLITY	  AND	  AFFORDABILITY”	  RELATIONSHIP	  	  	   Carbon	  emissions	  are	  produced	  from	  almost	  every	  activity	  across	  every	  country	  so	  the	  task	  of	  substantially	  reducing	  them	  may	  seem	  daunting	  and	  unobtainable	  (EPS	  2013).	  As	  developing	  countries	  are	  growing	  very	  rapidly	  and	  developed	  countries	  are	  still	  expanding	  especially	  in	  the	  building	  sector,	  the	  critical	  issue	  of	  our	  time	  is	  how	  to	  reduce	  carbon	  emissions	  and	  reduce	  virgin	  resource	  mining	  and	  consumption,	  while	  at	  the	  same	  time	  reduce	  poverty	  and	  the	  pressures	  associated	  with	  it	  without	  continuing	  to	  harm	  the	  environment.	  	  	  	   A	  low	  carbon	  development	  agenda	  put	  forth	  from	  Bowen	  and	  Fankhauser	  (2011)	  emphasizes	  the	  co-­‐benefits	  of	  greener	  growth,	  such	  as	  better	  energy	  security,	  new	  opportunities	  for	  local	  jobs	  and	  exports,	  improvements	  in	  housing,	  and	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improvements	  in	  health	  and	  well	  being,	  thus	  reducing	  the	  strain	  of	  health	  care	  costs	  which	  should	  increase	  buy-­‐in	  from	  countries	  as	  they	  can	  see	  some	  major	  economic	  returns.	  	  All	  of	  these	  would	  be	  framed	  in	  the	  goal	  of	  low	  carbon	  development,	  low	  carbon	  energy	  use,	  and	  low	  carbon	  land	  management	  including	  avoiding	  deforestation	  (IDS	  2014).	  	   Since	  the	  energy	  sector	  is	  important	  in	  all	  countries,	  and	  deforestation	  is	  particularly	  important	  for	  a	  number	  of	  developing	  countries	  (in	  many	  low-­‐income	  countries	  agriculture	  plays	  a	  central	  role)	  low	  carbon	  development	  is	  an	  area	  where	  policy	  is	  evolving.	  The	  opportunity	  for	  climate	  finance	  principles	  to	  be	  put	  into	  use	  are	  emerging	  which	  can	  and	  will	  have	  a	  major	  impact	  in	  the	  building	  sector,	  commercial	  and	  residential	  (Eldis	  2014).	  	  	   As	  an	  example,	  for	  many	  years	  in	  the	  United	  States,	  space	  heating	  and	  cooling/conditioning	  accounted	  for	  more	  than	  half	  of	  all	  residential	  energy	  consumption.	  The	  most	  recent	  Residential	  Energy	  Consumption	  Survey	  (RECS)	  (collected	  in	  2010	  and	  2011	  and	  released	  in	  2011	  and	  2012),	  shows	  that	  48%	  of	  energy	  consumption	  in	  U.S.	  homes	  in	  2009	  was	  for	  heating	  and	  cooling,	  down	  from	  58%	  in	  1993	  (Table	  5).	  The	  reason	  for	  this	  trend	  is	  the	  increased	  use	  in	  all	  areas	  of	  green	  building	  development	  and	  strategies	  like	  better	  and	  tighter	  building	  envelope	  systems,	  energy	  efficient	  windows	  and	  doors,	  appliances	  and	  equipment,	  and	  possible	  warmer	  climates	  (Today	  in	  Energy	  2013).	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   Energy	  Consumption	  in	  Home	  by	  End	  Uses	  	  
	  
Table	  5.	  	  Energy	  consumption	  in	  homes	  by	  end	  uses	  (EIA	  2013).	  	   	  	   In	  the	  United	  States	  specifically,	  when	  energy	  costs	  rise,	  so	  does	  the	  impact	  of	  these	  costs	  upon	  households.	  Low-­‐income	  households	  are	  shown	  to	  be	  the	  most	  vulnerable	  to	  these	  rising	  costs	  (Table	  6).	  Even	  with	  reimbursement	  and/or	  assistance	  programs,	  many	  families	  must	  choose	  between	  heating	  or	  eating.	  Some	  families	  don’t	  even	  apply	  to	  these	  programs	  because	  they	  are	  too	  proud	  or	  their	  income,	  being	  slightly	  higher	  that	  the	  poverty	  line,	  makes	  them	  ineligible.	  Some	  responses	  to	  the	  energy	  cost	  issues	  are	  different	  with	  some	  households	  choosing	  to	  close	  off	  parts	  of	  their	  homes,	  keeping	  temperatures	  at	  very	  uncomfortable	  or	  unsafe	  levels,	  and	  using	  a	  kitchen	  stove/or	  a	  portable	  unit	  as	  a	  source	  of	  heat.	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   Average	  Percent	  of	  Income	  Spent	  on	  Utilities	  in	  Various	  Households	  2009	  
	  
Table	  6.	  	  2009	  National	  Energy	  Assistance	  Survey,	  April	  2010.	  
(http://www.aep.com/about/IssuesAndPositions/Financial/RisingCostLow
-­‐Income.aspx)	  	  	   Even	  a	  typical	  median	  income	  family	  ($52,100)	  is	  spending	  more	  of	  their	  money	  on	  energy	  while	  their	  income	  is	  not	  keeping	  pace	  with	  the	  rising	  energy	  costs	  (ACCCE	  2012.	  The	  escalation	  of	  consumer	  energy	  prices	  coupled	  with	  slow	  income	  growth	  magnified	  the	  overall	  impact	  of	  energy	  costs	  on	  any	  family’s	  budget.	  	  	  
	  
1.2.	  WITH	  THE	  IMPLEMENTATION	  OF	  SUSTAINABLE	  AFFORDABLE	  HOUSING	  	  	   The	  lack	  of	  affordable	  housing	  has	  lead	  to	  high	  rent	  burdens	  (rents	  which	  absorb	  a	  high	  proportion	  of	  income),	  overcrowding,	  and	  substandard	  housing.	  	  In	  2003,	  the	  U.S.	  federal	  government	  spent	  almost	  twice	  as	  much	  in	  housing-­‐related	  tax	  expenditures	  and	  direct	  housing	  assistance	  for	  households	  in	  the	  top	  income	  quintile	  than	  on	  housing	  subsidies	  for	  the	  lowest-­‐income	  households	  (NLIHC	  2014).	  	  Thus,	  federal	  housing	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policy	  has	  not	  responded	  to	  the	  needs	  of	  low-­‐income	  households,	  while	  disproportionately	  benefiting	  the	  wealthiest	  Americans	  (HUD	  2014).	  	   Families	  who	  pay	  more	  than	  30%	  of	  their	  income	  for	  housing	  are	  considered	  cost	  burdened	  and	  may	  have	  difficulty	  affording	  necessities	  such	  as	  food,	  clothing,	  transportation	  and	  medical	  care.	  HUD	  (2014)	  reports	  an	  estimated	  12	  million	  renter	  and	  homeowner	  households	  now	  pay	  more	  than	  50%	  of	  their	  annual	  incomes	  for	  housing.	  A	  family	  with	  one	  full-­‐time	  worker	  earning	  the	  minimum	  wage	  cannot	  afford	  the	  local	  fair-­‐market	  rent	  for	  a	  two-­‐bedroom	  apartment	  anywhere	  in	  the	  United	  States.	  	   In	  addition	  to	  the	  significant	  negative	  health	  outcomes	  due	  to	  improper	  thermal	  comfort	  conditioning,	  improving	  housing	  to	  energy-­‐efficiency	  standards	  provides	  much	  needed	  financial	  relief	  to	  low-­‐income	  families	  providing	  them	  an	  opportunity	  to	  better	  meet	  their	  basic	  needs	  such	  as	  rent	  or	  mortgage	  payments	  and	  standard	  property	  maintenance.	  Low-­‐income	  households	  typically	  spend	  14%	  of	  their	  total	  income	  on	  energy	  costs	  compared	  with	  3.5%	  for	  other	  households	  (GHHI	  2014),	  leaving	  even	  less	  money	  to	  do	  the	  things	  to	  their	  homes	  that	  would	  help	  increase	  energy	  efficiency	  and	  reduce	  energy	  costs	  and	  ultimately	  CO2	  emissions.	  If	  a	  family	  were	  to	  have	  the	  opportunity	  to	  move	  to	  a	  new	  energy	  efficient	  home,	  not	  only	  do	  their	  energy	  costs	  go	  down,	  but	  according	  to	  National	  Homes	  Builders	  Association	  (NAHB	  2014),	  their	  maintenance	  costs	  go	  down	  (Table	  7). Routine	  maintenance	  expenses	  for	  26%	  of	  all	  homeowners	  were	  $100	  or	  more	  a	  month.	  However,	  only	  11%	  of	  owners	  of	  newly	  constructed	  homes	  spent	  this	  amount	  and	  73%	  of	  new	  homeowners	  spent	  less	  than	  $25	  a	  month	  on	  routine	  maintenance	  costs	  (NAHB	  2014). 
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Table	  7.	  Maintenance	  Costs:	  The	  average	  monthly	  maintenance	  costs	  of	  new	  home	  
construction	  (NAHB	  2014)	  	   	  	   NAHB	  (2014)	  found	  similar	  findings	  for	  energy	  expenses.	  On	  a	  median	  per	  square	  foot	  basis,	  homeowners	  of	  older	  homes	  spent	  78	  cents	  per	  square	  foot	  per	  year	  on	  electricity	  while	  owners	  of	  new	  homes	  spent	  65	  cents	  per	  square	  foot	  per	  year.	  When	  even	  more	  stringent	  energy	  efficient	  design	  and	  construction	  strategies	  are	  used	  this	  number	  can	  be	  decreased	  even	  more.	  	   Table	  8	  shows	  a	  good	  example	  of	  how	  much	  energy	  expenses	  can	  be	  reduced	  by	  building	  an	  affordable	  home	  within	  passive	  house	  standards,	  alone.	  This	  example	  was	  a	  Habitat	  for	  Denver	  house	  that	  was	  built	  using	  Passive	  House	  standards	  and	  then	  data	  were	  compared	  to	  a	  house	  that	  had	  previously	  been	  built	  to	  traditional	  energy	  code	  standards.	  The	  reduction	  of	  energy	  use	  for	  space	  heating	  was	  achieved	  with	  super-­‐insulating	  the	  building	  envelope	  to	  an	  R-­‐40	  rating	  in	  the	  walls	  and	  R-­‐60	  in	  the	  ceiling.	  Redesigning	  the	  shading	  overhangs	  and	  glazing	  placements	  on	  the	  south	  side	  to	  maximize	  passive	  solar	  heat	  gains	  and	  reducing	  the	  north	  side	  glazing	  to	  reduce	  heat	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loss	  at	  the	  same	  time	  maintaining	  appropriate	  daylighting	  amounts	  were	  also	  part	  of	  the	  strategy	  in	  the	  revised	  design	  (Norton	  and	  Christensen	  2006).	  	   	   	  	   	   	   Annual	  Energy	  Use	  in	  Typical	  Habitat	  House	  
	  
	  
	   	   	   Annual	  Energy	  Use	  in	  Habitat	  Passive	  House	  
	  
Table	  8.	  Top	  chart	  shows	  current	  energy	  standard	  construction	  energy	  use	  while	  the	  
bottom	  chart	  shows	  energy	  use	  with	  Passive	  house	  construction	  methods	  (Norton	  and	  
Christensen	  2006)	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1.3	  COLD	  CLIMATE	  HOUSING	  	  	   The	  best	  approach	  for	  housing,	  as	  well	  as	  communities	  and	  cities,	  is	  to	  develop	  design	  strategies	  that	  use	  as	  little	  energy	  as	  possible	  for	  heating	  and	  cooling,	  and	  consume	  a	  minimum	  of	  resources	  that	  add	  to	  green	  house	  gases	  emissions	  outputs,	  thereby	  destroying	  the	  natural	  environment.	  An	  holistic	  approach	  is	  needed	  that	  echoes	  what	  the	  earth	  needs	  and	  ultimately	  what	  humans	  need	  while	  at	  the	  same	  time	  being	  very	  affordable	  in	  the	  short	  and	  long	  term.	  There	  is	  a	  scarcity	  of	  affordable	  housing;	  add	  to	  that,	  the	  desire	  for	  sustainability,	  energy	  efficiency	  and	  durability,	  one	  can	  look	  far	  and	  wide	  and	  still	  find	  very	  little	  (Chiarenza	  2013).	  The	  design	  of	  this	  system	  should	  take	  into	  consideration	  the	  potential	  for	  achieving	  the	  maximum	  impact	  on	  the	  housing	  situation	  in	  all	  of	  the	  areas	  mentioned.	  	   To	  meet	  or	  beat	  the	  Architecture	  2030’s	  Challenge	  (2011),	  which	  has	  two	  primary	  objectives;	  to	  dramatically	  reduce	  global	  fossil	  fuel	  consumption	  and	  to	  reduce	  GHG	  emissions	  of	  the	  built	  environment;	  this	  investigation	  set	  out	  to	  achieve	  a	  NetZero	  Housing	  solution	  in	  a	  cold	  climate	  without	  the	  use	  of	  a	  Photovoltaic	  system.	  A	  three	  part	  building	  system	  is	  needed	  and	  should	  consist	  of	  a	  highly	  insulated	  building	  envelope	  with	  super	  fenestration,	  a	  passive	  heating	  and	  cooling	  strategy,	  and	  some	  kind	  of	  foundation	  design	  for	  areas	  with	  deep	  frost	  lines.	  	  	   Evaluation	  of	  the	  current	  residential	  energy	  consumption	  in	  a	  typical	  cold	  climate	  environment	  like	  Minnesota	  (Table	  9)	  was	  done.	  Natural	  gas	  is	  now	  the	  dominant	  fuel	  for	  residential	  use	  being	  is	  the	  lowest	  emitting	  of	  the	  fossil	  fuels	  which	  emits	  about	  25	  percent	  less	  CO2’s	  per	  unit	  of	  energy	  released	  compared	  to	  the	  combustion	  of	  distillates.	  This	  largely	  accounts	  for	  the	  roughly	  one-­‐fifth	  reduction	  in	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greenhouse	  gas	  emissions	  from	  the	  residential	  sector	  from	  1970	  to	  the	  present	  (EIA	  2014).	  
	  
	   Emission	  of	  Greenhouse	  Gases	  from	  the	  Minnesota	  Residential	  Sector	  
	  
Table	  9.	  Trends	  in	  greenhouse	  gas	  emissions	  by	  fuel	  type	  and	  in	  residential	  fuel	  use	  in	  the	  
Minnesota	  (EIA	  2014)	  
	  	  	   Table	  10	  shows	  specifically	  that	  heating	  needs	  are	  still	  the	  primary	  cause	  of	  CO2	  emissions.	  This	  is	  not	  sustainable	  in	  the	  long	  term	  as	  natural	  gas	  depletion	  is	  expected	  in	  the	  not	  so	  distant	  future,	  like	  70	  –	  100	  years	  (Putman	  2014),	  and	  it	  still	  contributes	  to	  the	  emission	  of	  CO2’s	  into	  the	  environment	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Estimated	  Emissions	  of	  Greenhouse	  Gases	  of	  Residential	  Fuel	  Use	  
In	  Minnesota	  by	  End	  Use	  
	  
Table	  10.	  Trends	  in	  greenhouse	  gas	  emissions	  by	  use	  type	  in	  the	  Minnesota	  residential	  
sector	  (EIA	  2014)	  
	  
	  
	  
	  	   In	  the	  fall	  of	  2011,	  a	  cold	  climate	  housing	  building	  material	  investigation	  was	  conducted	  for	  materials	  that	  met	  CO2	  emissions	  source	  reduction,	  affordability,	  sustainable/local	  availability	  in	  most	  parts	  of	  the	  world,	  recyclability,	  and	  superior	  thermal	  performance	  characteristics.	  During	  this	  investigation	  one	  material	  not	  only	  met	  all	  of	  the	  desirable	  characteristics	  but	  also	  a	  few	  more	  like	  carbon	  neutral/negative	  (Jones	  2002,	  22),	  carbon	  sequestrating	  even	  after	  it	  is	  used	  (Goodall	  2010),	  a	  2.5	  hour	  fire	  resistant	  rating	  (Ecological	  Building	  Network	  2006),	  sound	  attenuation	  abilities	  (Dalmeijer	  2014),	  in	  addition	  to	  others	  that	  will	  be	  discussed	  in	  Chapter	  3.	  That	  material	  is	  straw	  bale	  and	  with	  use	  of	  a	  plaster/stucco/concrete	  skin,	  it	  makes	  the	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perfect	  highly	  insulated	  housing	  construction	  method.	  	   Meeting	  Net	  Zero	  energy	  consumption	  for	  heating	  and	  cooling	  needs	  is	  provided	  using	  a	  roof-­‐pond	  concept	  and	  is	  the	  major	  component	  for	  the	  thermal	  comfort	  strategy.	  This	  system	  will	  be	  verified	  with	  energy	  modeling	  software,	  although	  it	  will	  have	  to	  be	  proven	  with	  an	  actual	  prototype	  home	  for	  the	  long	  term,	  as	  there	  is	  not	  any	  software	  that	  can	  accurately	  predict	  the	  roof	  pond	  performance	  for	  a	  cold	  northern	  climate	  within	  this	  construction	  system.	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CHAPTER	  2	  ROOF	  POND	  (SKYTHERM)	  
	  
2.1	  DEFINITION	  	   William	  Marlatt	  et	  al,	  (1984)	  wrote	  the	  simplest	  and	  most	  succinct	  definition	  of	  a	  roof	  pond:	  	   “A	  roof	  pond	  is	  a	  passive	  solar	  system	  (originally	  patented	  by	  	   Harold	  Hay	  as	  Skytherm	  in	  1967)	  in	  which	  both	  heating	  and	  	   cooling	  occurs	  through	  the	  use	  of	  natural	  environmental	  	   forces.	  	  The	  system	  employs	  a	  large	  water	  mass	  as	  an	  integral	  	   component	  of	  a	  roof	  system	  that	  collects,	  stores	  and	  dissipates	  	   energy	  to	  maintain	  a	  comfortable	  temperature	  inside	  the	  	   building.”	  	  	   The	  system	  can	  be	  equally	  suited	  to	  both	  heating	  in	  the	  winter	  and	  cooling	  in	  the	  summer	  (Fernandez	  2007)	  in	  most	  if	  not	  all	  climate	  zones	  and	  site	  conditions	  around	  the	  world.	  	  	  
2.2	  A	  PASSIVE	  SOLAR	  STRATEGY	  
2.2.1	  Sun	  Power	  	   The	  energy	  contained	  in	  the	  sun’s	  solar	  rays	  that	  make	  their	  way	  through	  our	  filtering	  atmosphere	  is	  critical	  to	  life	  on	  this	  planet	  and	  fundamental	  to	  human	  existence.	  	  The	  sun	  has	  been	  the	  source	  of	  energy	  for	  all	  life	  since	  the	  beginning	  of	  time.	  	  Plants	  and	  animals	  could	  not	  have	  existed	  without	  solar	  energy.	  	  One	  can	  imagine	  how	  the	  first	  humans	  realized	  the	  sun’s	  importance	  and	  potential	  just	  by	  watching	  the	  changing	  seasons,	  and	  they	  must	  have	  known	  how	  to	  use	  the	  sun	  to	  warm	  their	  bodies	  just	  by	  the	  experience	  of	  it	  touching	  their	  skin.	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Figure	  2.	  Spider	  Monkey	  sunbathing	  (Bobby	  Vempati,	  
http://www.panoramio.com/photo/78275355)	  	  	   Just	  as	  animals	  can	  find	  the	  sun	  and	  know,	  instinctively,	  to	  lie	  in	  the	  path	  of	  the	  sunshine	  (Figure	  2),	  the	  Greeks	  started	  using	  the	  sun	  and	  its	  potential	  in	  their	  architecture	  by	  knowing	  when	  and	  where	  it	  would	  shine	  and	  could	  provide	  for	  thermal	  comfort	  at	  some	  periods	  in	  the	  season	  (Butti	  and	  Perlin	  1980,	  4).	  	   	  
2.2.2	  Solar	  Radiation	  	   The	  Passive	  Solar	  Energy	  Book	  (Mazria	  1979,	  5)	  describes	  solar	  radiation	  as	  thermonuclear	  fusions	  at	  the	  core	  of	  the	  sun	  that	  are	  released	  as	  energy	  in	  the	  form	  of	  high-­‐frequency	  electromagnetic	  radiation.	  In	  summary,	  the	  sun’s	  energy	  is	  called	  solar	  radiation;	  radiant	  energy	  emitted	  by	  the	  sun,	  which	  includes	  infrared	  radiation,	  ultraviolet	  radiation	  and	  visible	  light	  (Brown	  and	  DeKay	  2001,	  346).	  	   One	  of	  three	  things	  happens	  when	  solar	  radiation	  strikes	  the	  surface	  of	  any	  material;	  it	  can	  be	  reflected,	  transmitted	  or	  absorbed.	  When	  solar	  radiation	  hits	  the	  surface	  of	  a	  material	  and	  it	  is	  reflected,	  we	  perceive	  it	  as	  color.	  Transmission	  or	  absorption	  happens	  when	  solar	  radiation	  penetrates	  a	  material.	  	  If	  the	  material	  is	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glass,	  the	  radiation	  is	  transmitted	  through	  the	  glass	  because	  of	  its	  transparency.	  	  If	  the	  material	  penetrated	  absorbs	  the	  solar	  radiation,	  it	  is	  converted	  into	  thermal	  energy	  or	  heat	  and	  the	  temperature	  will	  rise	  as	  more	  heat	  is	  added	  to	  the	  material	  (Mazria	  1979,	  15).	  	  	   While	  the	  continual	  vibrational	  movement	  of	  molecules	  at	  a	  materials	  surface	  is	  radiating	  energy	  all	  the	  time,	  the	  amount	  of	  thermal	  energy	  radiated	  depends	  on	  the	  temperature	  of	  the	  surface	  of	  this	  material	  and	  its	  emissivity	  (Mazria	  1979,	  23).	  	  
2.2.3	  Characteristics	  of	  Heat	  	   Mazria	  (1979,	  20)	  states	  that	  a	  material	  will	  seek	  to	  achieve	  a	  temperature	  balance	  with	  its	  surroundings	  through	  three	  processes:	  conduction,	  convection	  and	  radiation	  by	  the	  interaction	  of	  the	  adjacent	  particles	  (atoms,	  molecules,	  ions,	  electrons,	  etc.)	  in	  the	  intervening	  space.	  	   Heat	  transferred	  by	  physical	  contact	  between	  two	  substances	  or	  materials	  is	  conduction,	  heat	  transferred	  into	  or	  out	  of	  an	  object	  by	  physical	  movement	  of	  a	  surrounding	  fluid	  is	  convection,	  and	  heat	  transferred	  in	  the	  form	  of	  the	  electromagnetic	  waves	  in	  the	  infrared	  region	  of	  this	  spectrum	  is	  heat	  radiation	  (Mazria	  1979,	  21	  -­‐	  23).	  	   Radiation	  can	  also	  work	  in	  the	  cooling	  mode	  with	  a	  process	  called	  night	  sky	  radiant	  cooling	  and	  is	  illustrated	  by	  Figure	  3.	  	  Night	  radiant	  sky	  cooling	  is	  similar	  to	  solar	  radiation	  in	  that	  it	  is	  governed	  by	  a	  series	  of	  weather	  variables.	  Even	  though	  cloudiness,	  humidity,	  altitude,	  wind,	  and	  rain	  can	  have	  an	  impact	  on	  radiant	  cooling	  performance,	  heat	  radiation	  functions	  independently	  of	  ambient	  temperatures	  so	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electrons	  are	  transmitted	  from	  the	  warmer	  material	  and	  radiated	  at	  the	  speed	  of	  light	  to	  the	  night	  sky	  (Parker	  2005).	  
	  
Figure	  3. Heat	  loss	  is	  reduced	  during	  nights	  when	  the	  sky	  is	  overcast.	  Under	  
partly	  cloudy	  skies,	  some	  heat	  is	  allowed	  to	  escape	  and	  some	  remains	  trapped.	  
Clear	  skies	  allow	  for	  the	  most	  cooling	  to	  take	  place.	  
(http://oceanservice.noaa.gov/education/yos/resource/JetStream/atmos/ene
rgy.htm)	  	  	   	  
2.3	  SOLAR	  DESIGN	  STRATEGIES	  	   The	  use	  of	  the	  sun’s	  radiation	  for	  solar	  design	  applications	  is	  usually	  identified	  in	  two	  different	  frameworks.	  	  The	  first	  framework	  is	  called	  Passive	  Solar	  design.	  It	  relies	  on	  the	  natural	  process	  of	  greenhouse	  principles	  to	  trap	  solar	  radiation	  for	  use	  with	  heating,	  cooling,	  or	  lighting	  loads	  without	  the	  use	  of	  mechanical	  equipment	  or	  an	  additional	  electrical	  or	  gas	  energy	  source.	  A	  purely	  passive	  system	  uses	  only	  radiation,	  conduction,	  and/or	  natural	  convection	  to	  satisfy	  thermal	  comfort	  needs	  and	  daylight	  for	  lighting	  (Mazria	  1979,	  28-­‐29).	  Passive	  systems	  rely	  on	  the	  architectural	  design	  in	  conjunction	  with	  the	  building's	  siting,	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orientation,	  layout,	  materials,	  and	  construction,	  which	  are	  utilized	  to	  maximize	  the	  heating	  effect	  of	  sunlight	  falling	  on	  it.	  	  The	  second	  framework	  is	  called	  Active	  Solar	  design,	  which	  uses	  the	  sun’s	  resources	  in	  combination	  with	  mechanical	  equipment	  and	  hardware	  driven	  by	  electricity	  and	  gas.	  For	  example,	  in	  active	  solar	  heating,	  mechanical	  means	  are	  used	  to	  collect,	  store,	  and	  distribute	  solar	  energy	  (Mazria	  1979,	  28).	  	   Even	  though	  there	  has	  been	  more	  attention	  paid	  to	  the	  incredible	  potential	  of	  the	  sun	  for	  energy	  use,	  it	  very	  underutilized	  in	  today’s	  world.	  	  	  	  	  
2.3.1.	  Passive	  Solar	  Strategies	  	   All	  passive	  solar	  heating	  systems	  rely	  on	  collecting	  and	  storing	  solar	  energy	  within	  a	  material	  for	  a	  period	  of	  time.	  Mazria	  (1979)	  states	  the	  process	  “is	  accomplished	  by	  heating	  a	  material	  that	  will	  store	  the	  heat	  until	  it	  is	  needed.	  Cooling	  systems,	  on	  the	  other	  hand,	  do	  exactly	  the	  opposite.	  A	  substance	  is	  cooled,	  or	  heat	  is	  taken	  out,	  and	  kept	  that	  way	  so	  it	  can	  absorb	  heat	  at	  a	  later	  time.”	  	  	   Successful	  passive	  solar	  heating	  strategies	  rely	  on	  access	  to	  direct	  solar	  radiation	  in	  climates	  where	  lower	  seasonal	  temperatures	  fall	  below	  a	  point	  where	  internal	  room	  temperatures	  can	  be	  kept	  at	  comfortable	  levels	  independent	  of	  any	  other	  active	  heating	  strategy.	  There	  are	  two	  basic	  elements	  in	  every	  passive	  solar-­‐heating	  system:	  south-­‐facing	  glass	  or	  plastic	  for	  solar	  collection,	  and	  thermal	  mass	  for	  heat	  absorption	  storage	  and	  distribution	  (Mazria	  1979,	  28).	  	   In	  the	  passive	  solar	  strategies	  there	  are	  three	  different	  approaches;	  direct	  gain,	  indirect	  gain	  and	  isolated	  gain.	  	  In	  the	  direct	  gain	  approach	  the	  living	  space	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becomes	  the	  solar	  collector,	  the	  heat	  storage	  unit	  and	  the	  distribution	  system	  with	  the	  living/working	  space	  directly	  heated	  by	  the	  sun’s	  radiation	  (Figure	  4).	  The	  heat	  is	  storage	  in	  part	  of	  the	  building	  system,	  such	  as	  a	  floor	  or	  wall,	  and	  starts	  being	  distributed	  once	  temperature	  changes	  occur	  and	  temperature	  equilibrium	  begins	  (Mazria	  1979,	  29).	  	   	  
	  
Figure	  4.	  The	  thermal	  mass	  radiates	  a	  portion	  of	  its	  acquired	  solar	  heat	  into	  the	  
highly	  insulated	  interior	  (NEAT	  LAB,	  University	  of	  Nevada	  Las	  Vegas,	  2014)	  	   	  	   In	  the	  indirect	  gain	  strategy	  sunlight	  first	  strikes	  some	  kind	  of	  thermal	  mass,	  which	  is	  between	  the	  sun’s	  radiation	  and	  the	  habitable	  space.	  	  The	  radiation	  absorbed	  by	  the	  thermal	  mass	  is	  converted	  to	  thermal	  energy	  and	  transferred	  into	  the	  living	  space	  through	  conduction	  or	  convection	  (Mazria	  1979,	  43).	  The	  roof	  pond	  is	  an	  indirect	  solar	  gain	  technique	  and	  utilizing	  either	  a	  passive	  or	  an	  active	  process	  depending	  on	  system	  requirements	  (Figure	  5).	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Figure	  5.	  A	  roof	  pond	  north	  is	  the	  indirect	  gain	  medium	  collecting	  the	  solar	  
radiation.	  Heat	  is	  radiated	  to	  the	  interior	  from	  above.	  	  (NEAT	  LAB,	  University	  of	  
Nevada	  Las	  Vegas,	  2014)	  	  	   The	  third	  passive	  solar	  strategy	  is	  called	  isolated	  gain.	  In	  this	  process	  (Figure	  6)	  the	  collection	  and	  storage	  of	  the	  solar	  radiation	  is	  isolated	  from	  the	  occupied	  space	  and	  functions	  independently	  of	  the	  building,	  with	  heat	  drawn	  from	  the	  system	  when	  needed	  (Mazria	  1979,	  59).	  	  
	  
Figure	  6.	  The	  Isolated-­‐Gain	  strategy	  in	  passive	  solar	  heating;	  the	  sunspace	  is	  
isolated	  from	  the	  occupied	  space.	  	  (NEAT	  LAB,	  University	  of	  Nevada	  Las	  Vegas,	  
2014)	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2.4	  HOW	  A	  ROOPOND	  WORKS	  	   A	  roof	  pond	  is	  described	  as	  indirect	  solar	  gain	  because	  it	  absorbs	  solar	  radiation	  without	  directly	  admitting	  the	  sun	  into	  the	  occupied	  space.	  (Reardon	  et	  al,	  2010).	  The	  solar	  radiation	  passes	  through	  an	  exterior	  aperture	  (north	  version)	  or	  directly	  into	  the	  clear	  plastic	  bags	  (south	  version)	  filled	  with	  water	  (thermal	  mass),	  supported	  on	  a	  metal	  deck	  ceiling,	  which	  is	  located	  between	  the	  sun	  and	  the	  occupied	  space	  (Mazria	  1979,	  55-­‐57).	  	   The	  sunlight	  is	  absorbed	  by	  the	  mass	  and	  converted	  into	  heat.	  It	  is	  then	  transferred	  or	  re-­‐radiated	  as	  long	  wave	  radiation	  into	  the	  living	  space.	  Long-­‐wave	  radiation	  cannot	  pass	  back	  through	  glass	  (Reardon	  et	  al,	  2010)	  easily	  reducing	  possible	  heat	  loss	  though	  the	  glass.	  The	  use	  of	  movable	  insulation	  protects	  against	  major	  heat	  loss	  from	  the	  thermal	  mass	  (roof	  pond)	  (PlowBoy	  1976).	  	   In	  the	  cooling	  mode,	  the	  water	  collector	  space	  is	  sealed	  away	  from	  solar	  radiation	  with	  movable	  insulation.	  The	  heat	  from	  the	  occupied	  space	  moves	  up	  to	  the	  cooler	  area	  where	  the	  water	  absorbs	  this	  heat.	  Once	  the	  movable	  insulation	  exposes	  the	  water	  bags	  to	  the	  night	  sky	  the	  collected	  heat	  is	  released	  through	  night	  sky	  radiation	  (NEAT	  Labs	  2014).	  	  	  
2.5	  THERMAL	  MASS	  	   Thermal	  mass	  is	  the	  amount	  of	  potential	  heat	  storage	  capacity	  available	  in	  a	  given	  system,	  assembly	  or	  material	  and	  is	  a	  high-­‐density	  building	  element	  resistant	  to	  a	  quick	  change	  in	  temperature	  (ie;	  water,	  bricks,	  etc).	  Thermal	  mass	  is	  used	  to	  absorb	  solar	  heat	  during	  the	  day	  and	  to	  release	  it	  later	  when	  heat	  is	  needed	  (Moore	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1993,	  110;	  Mazria	  1979,	  29-­‐30)	  or	  the	  reverse;	  absorb	  unwanted	  heat	  during	  the	  day	  and	  release	  it	  to	  the	  night	  sky	  (NEAT	  Lab	  2014).	  The	  most	  important	  feature	  of	  thermal	  mass	  is	  that	  it	  moderates	  internal	  temperatures	  by	  reducing	  day	  and	  night	  extremes,	  stabilizing	  the	  temperatures	  and	  delaying	  the	  time	  at	  which	  peak	  temperatures	  occur	  (Newell	  and	  Newell	  2011).	  	  	   A	  large	  amount	  of	  thermal	  mass	  can	  store	  and	  later	  release	  large	  quantities	  of	  heat	  without	  a	  significant	  temperature	  rise	  in	  internal	  temperatures	  (blue	  line	  in	  figure	  7).	  In	  the	  opposite,	  if	  the	  thermal	  mass	  is	  too	  low,	  the	  room	  will	  quickly	  overheat	  with	  solar	  heat	  gains	  as	  shown	  in	  figure	  7	  by	  the	  dark	  red	  line.	  	  	  
	  
Figure	  7.	  	  Sample	  of	  how	  thermal	  mass	  regulates	  outdoor	  temperature	  swings	  
(http://www.daviddarling.info/images/thermal_mass.png)	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   If	  appropriately	  calculated,	  thermal	  mass	  can	  be	  beneficial	  in	  both	  the	  winter	  and	  in	  the	  summer.	  In	  winter,	  peak	  demands	  for	  heating	  are	  regulated	  by	  the	  storage	  capacity	  of	  the	  thermal	  mass.	  Solar	  gains	  heat	  up	  the	  mass	  during	  the	  day,	  which	  releases	  the	  absorbed	  heat	  in	  the	  evening	  (passive	  solar	  heating).	  In	  the	  summer,	  thermal	  mass	  combined	  with	  shading	  and	  natural	  ventilation	  strategies	  can	  eliminate	  the	  need	  for	  mechanical	  cooling.	  	  	  
	  
2.5.1	  Water	  as	  Thermal	  Mass	  
	  	   A	  material	  must	  be	  chosen	  based	  on	  its	  ability	  to	  absorb	  and	  release	  heat	  and	  also	  have	  high	  thermal	  capacity	  (Mazria	  1979,	  26);	  water	  is	  this	  material.	  	   The	  equation	  relating	  thermal	  energy	  to	  thermal	  mass	  is:	  
Q	  =	  CρνΔΤ	  	  where	  C	  =	  specific	  heat	  (Btu/lb	  F˚)	  	   	   	   ρ	  =	  density	  	  (lb/ft3)	  	   	   	   ν	  =	  volume	  (ft3)	  	   	   	   	   	  and	  Q	  is	  the	  thermal	  energy	  transferred,	  Cρν	  is	  the	  thermal	  mass	  of	  the	  material	  	  and	  ΔT	  is	  the	  change	  in	  temperature.	  Since	  the	  roofpond	  consists	  of	  a	  homogeneous	  material	  (water)	  with	  known	  physical	  properties,	  the	  thermal	  mass	  is	  simply	  the	  volume	  of	  water	  in	  the	  roofpond	  times	  the	  specific	  heat	  and	  density	  of	  that	  water.	  	  	   Water	  is	  used	  as	  the	  thermal	  mass	  for	  the	  roofpond	  because	  of	  its	  superior	  resistance	  to	  change	  in	  temperature.	  	  It	  absorbs	  and	  stores	  heat	  better	  and	  without	  the	  weight	  associated	  with	  typical	  thermal	  mass	  materials	  like	  concrete	  and	  brick	  or	  stone.	  	  	  The	  larger	  the	  area	  of	  thermal	  mass	  receiving	  direct	  sunlight,	  the	  more	  heat	  it	  receives,	  so	  the	  faster	  it	  can	  heat	  up,	  and	  the	  more	  heat	  it	  can	  store.	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2.6	  PROPERTIES	  OF	  WATER	  
	  
2.6.1.	  Specific	  Heat	  	  	  	   Specific	  heat	  is	  defined	  as	  the	  amount	  of	  heat	  (BTUs)	  required	  to	  raise	  the	  temperature	  of	  one	  unit	  of	  mass	  (i.e.,	  one	  pound)	  one	  degree	  °F	  (Grondzik	  and	  Kwok	  2010).	  Since	  water	  needs	  over	  four	  times	  more	  heat	  to	  rise	  in	  temperature	  than	  either	  concrete	  or	  brick,	  it	  has	  the	  capacity	  to	  "absorb"	  more	  heat	  than	  other	  typical	  types	  of	  thermal	  mass	  without	  changing	  its	  temperature.	  	  	   The	  next	  chart	  (Table	  11)	  shows	  the	  specific	  heat	  of	  some	  common	  building	  materials.	  Notice	  how	  water	  is	  the	  far	  superior	  performer	  where	  specific	  heat	  in	  concerned.	  
	  
	   	   Table	  11.	  Specific	  Heat	  of	  some	  common	  building	  materials.	  	   	  
	   	   (http://danieloverbey.blogspot.kr/2012/07/water-­‐ideal-­‐thermal	  	  
	   	   mass.html)	  	  	  
2.6.2	  Conductivity	  	   Conductivity	  of	  a	  substance	  is	  defined	  as	  its	  ability	  to	  conduct	  or	  transmit	  heat,	  electricity,	  or	  sound.	  Thermal	  conductivity	  measures	  the	  heat	  (in	  British	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Thermal	  Units	  or	  BTUs)	  transferred	  through	  an	  inch	  thickness	  of	  a	  substance	  in	  one	  hour	  when	  the	  temperature	  difference	  between	  each	  side	  of	  the	  substance	  is	  one	  degree	  Fahrenheit	  (Moore	  1993,	  8).	   
 When	  the	  conductivity	  of	  water	  is	  compared	  to	  other	  common	  materials	  used	  for	  thermal	  mass,	  we	  see	  that	  water	  transfers	  more	  BTUs	  than	  concrete	  (Table	  12)	  and	  thus,	  is	  the	  best	  thermal	  conductor	  to	  provide	  for	  optimal	  thermal	  performance	  for	  heat	  transfer	  in	  the	  roof	  pond	  system. 
	  
	   	   Table	  12.	  Conductivity	  comparisons	  of	  some	  common	  building	  	   	  
	   	   materials.	  (http://danieloverbey.blogspot.kr/2012/07/water-­‐ideal-­‐	  
	   	   thermal-­‐mass.html)	  	  	  	  	  
 
2.6.3	  Heat	  Capacity	  	  
	  	   Heat	  capacity	  is	  the	  density	  (ρ)	  plus	  the	  specific	  heat	  capacity	  C	  for	  water.	  It	  is	  the	  number	  of	  Btu’s	  a	  cubic	  foot	  of	  material	  can	  store	  with	  a	  one-­‐degree	  increase	  in	  temperature	  (Moore	  1993,	  12).	  Heat	  capacity	  is	  a	  better	  measurement	  of	  a	  substance's	  thermal	  storage	  capabilities	  than	  specific	  heat	  alone	  because	  the	  latter	  does	  not	  take	  volume	  into	  consideration.	  As	  indicated	  below,	  water	  is	  superior	  to	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concrete,	  brick,	  adobe,	  and	  gypsum	  in	  terms	  of	  heat	  capacity	  (Table	  13).	  	  	  
	  
	   	   Table	  13.	  Heat	  Capacity	  of	  some	  common	  building	  materials.	   	   	  
	   	   (http://danieloverbey.blogspot.kr/2012/07/water-­‐ideal-­‐	  	   	  
	   	   thermal-­‐mass.html)	  
	  	   	  
2.6.4	  Thermal	  Storage	  Capacity	  	  	   Heat	  capacity	  does	  not	  address	  how	  well	  a	  substance	  will	  conduct/transmit	  heat	  away	  from	  its	  surface	  and	  distribute	  the	  heat	  throughout	  the	  occupied	  space.	  This	  measurement	  is	  called	  thermal	  storage	  capacity	  and	  is	  the	  measure	  of	  the	  product	  of	  heat	  capacity	  (i.e.,	  density	  (ρ)	  x	  specific	  heat	  [C])	  and	  conductivity	  (Κ).	  In	  terms	  of	  thermal	  storage	  capacity,	  water	  is	  far	  superior	  to	  concrete,	  brick,	  adobe,	  and	  gypsum	  (Table	  14)	  (Moore	  1993,	  11).	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   Table	  14.	  Thermal	  storage	  capacity	  of	  some	  common	  building	  materials.	  
	   	   (http://danieloverbey.blogspot.kr/2012/07/water-­‐ideal-­‐thermal-­‐	  
	   	   mass.html)	  
	  
	  
2.6.5	  Water	  Density	  	  	  	   Density	  is	  the	  mass	  m	  per	  unit	  volume	  of	  a	  substance	  or	  the	  weight	  in	  pounds	  per	  cubic	  foot.	  Water	  has	  about	  half	  the	  density	  of	  brick	  or	  about	  40%	  the	  density	  of	  concrete	  (Table	  15).	  
	  
	   Table	  15.	  	  Density	  of	  some	  common	  building	  materials.	  	   	  
	   http://danieloverbey.blogspot.kr/2012/07/water-­‐ideal-­‐thermal-­‐mass.html	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2.7	  HISTORY	  OF	  THE	  ROOFPOND	  	   Harold	  Hay,	  born	  in	  1909,	  invented	  and	  designed	  the	  roof	  pond	  system	  in	  1967	  later	  patenting	  the	  process	  under	  the	  name	  Skytherm.	  	  He	  began	  by	  using	  his	  experiences	  with	  movable	  insulation	  to	  cover	  a	  water-­‐based	  storage	  mass	  in	  Tempe,	  Arizona	  in	  1966	  and	  1967	  (Overbey	  2012).	  During	  the	  day	  the	  basins	  were	  covered	  protecting	  them	  from	  solar	  radiation	  and	  at	  night	  the	  basins	  were	  exposed	  to	  the	  night	  sky.	  Results	  indicated	  that	  6	  inches	  of	  water	  provided	  adequate	  thermal	  storage	  for	  year-­‐round	  air-­‐conditioning	  (Marlatt	  1984).	  	   Harold	  Hay	  and	  John	  Yellott	  built	  and	  tested	  the	  first	  solar	  prototype	  in	  Phoenix,	  Arizona	  in	  1967	  utilizing	  the	  Skytherm	  system	  which	  consisted	  of	  a	  thermal	  mass	  for	  storage	  (water	  in	  bags)	  and	  a	  small	  building	  designed	  with	  best	  practice	  construction	  methods	  (Figure	  8).	  	  The	  Skytherm	  system	  works	  with	  the	  movable	  insulation	  concept	  from	  that	  Hay	  developed	  in	  India.	  	  
	  
Figure	  8:	  General	  layout	  of	  the	  Phoenix	  Prototype	  test	  building.	  
(Image:	  Natural	  Energies	  Advanced	  Technology	  Laboratory	  at	  the	  University	  of	  
Nevada)	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   The	  first	  prototype	  was	  a	  one	  room	  structure,	  10’	  x	  12’,	  and	  was	  constructed	  with	  lightweight	  aggregate	  concrete	  block	  walls	  filled	  with	  vermiculite	  for	  a	  higher	  insulation	  value.	  External	  insulation	  was	  added	  to	  the	  outside	  walls	  of	  the	  east	  and	  west	  with	  1	  1/2”	  of	  rigid	  polyurethane	  insulation	  to	  "simulate	  a	  room	  within	  a	  multi-­‐room	  structure"	  (Hay	  1984).	  	  Additional	  insulation	  was	  used	  for	  and	  around	  the	  foundation	  similar	  to	  the	  Frost	  Protected	  Shallow	  Foundation.	  	  The	  three	  panels	  of	  movable	  1	  ½”	  insulation	  (same	  as	  used	  on	  the	  walls)	  measured	  4’	  x	  8’.	  Operated	  manually	  by	  a	  small	  hand	  winch,	  the	  panels	  had	  to	  move	  back	  and	  forth	  which	  created	  an	  overhang	  on	  the	  south	  side,	  which	  could	  serve	  as	  a	  carport	  or	  patio	  cover.	  	  The	  walls	  on	  the	  north	  and	  south	  contained	  a	  window	  12	  square	  foot	  while	  the	  entry	  door	  was	  located	  on	  the	  south	  wall	  (Marlatt	  1984).	  	  	   The	  roof	  was	  constructed	  of	  26-­‐gauge	  galvanized,	  corrugated	  steel	  sheets	  placed	  between	  3-­‐inch	  by	  12-­‐inch	  beams	  supported	  by	  the	  wall	  plate	  on	  4-­‐foot	  centers.	  The	  steel	  sheets	  were	  supported	  by	  2-­‐inch	  by	  3-­‐inch	  wood	  beams	  bolted	  to	  the	  main	  beams.	  Figures	  9	  –	  10	  show	  the	  three	  "bays"	  that	  were	  formed	  by	  the	  beams	  above	  the	  roof,	  which	  were	  covered	  with	  a	  10-­‐mil	  black	  polyethylene	  liner,	  and	  formed	  a	  waterproof	  seal.	  The	  bays	  were	  then	  filled	  with	  6-­‐	  to	  7-­‐inch	  thick	  water	  bags	  (Marlatt	  1984).	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Figure	  9.	  Harold	  Hay's	  SkyTherm	  heating/cooling	  system	  showing	  the	  	  
water	  in	  bags	  	  covered	  by	  moving,	  insulated	  panels.	  (Illustration	  from	  
Mother	  Earth	  News.	  1975)	  
	  
	  
	  
Figure	  10:	  Roofpond	  inventor,	  Harold	  R.	  Hay,	  stands	  beside	  the	  Phoenix	  Prototype	  test	  
structure	  in	  1967.	  
(Image	  courtesy	  of	  the	  Natural	  Energies	  Advanced	  Technology	  (NEAT)	  Laboratory	  at	  
the	  University	  of	  Nevada,	  Las	  Vegas.)	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   Marlatt	  et	  al	  (1984)	  reported	  the	  Phoenix	  Prototype	  maintained	  an	  interior	  ambient	  air	  temperature	  between	  70°	  and	  80°F	  during	  approximately	  91%	  of	  the	  hours	  of	  the	  year	  under	  "normal"	  weather	  conditions	  (Overbey	  2010).	  Figure	  16	  shows	  that	  the	  interior	  ambient	  air	  temperature	  stayed	  in	  the	  range	  between	  68	  and	  82°F	  and	  daily	  temperature	  swings	  only	  varied	  from	  4°	  to	  8°F,	  with	  extremes	  of	  2°	  and	  12°F	  (Marlatt	  1984).	  Whenever	  temperatures	  reached	  110°F	  with	  high	  humidity,	  a	  fan	  coil	  unit	  was	  used	  to	  circulate	  cool	  roofpond	  water	  through	  the	  unit.	  For	  approximately	  one	  quarter	  of	  the	  year,	  average	  indoor	  air	  temperature	  stayed	  acceptable	  and	  it	  was	  not	  necessary	  to	  move	  the	  movable	  insulation	  from	  covering	  the	  pond.	  	   The	  prototype	  demonstrated	  the	  effectiveness	  of	  maintaining	  comfortable	  indoor	  temperatures	  throughout	  the	  year	  using	  only	  the	  water	  as	  the	  thermal	  mass	  and	  without	  auxiliary	  active	  heating	  or	  air-­‐conditioning	  systems	  as	  noted	  in	  table	  16	  and	  17.	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Table	  16.	  A	  one	  day	  measurement	  of	  outdoor	  temperature	  swings	  compared	  to	  
indoor	  temperatures.	  	  	  
	  
	   Table	  17.	  Processed	  data	  measured	  from	  the	  Phoenix	  Prototype	  test	  building.	  
	   (Image	  courtesy	  of	  the	  Natural	  Energies	  Advanced	  Technology	  (NEAT)	  
	   Laboratory	  at	  the	  University	  of	  Nevada,	  Las	  Vegas)	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   The	  Phoenix	  prototype	  research	  was	  followed	  by	  the	  construction	  of	  a	  full-­‐sized	  Skytherm	  house	  in	  Atascadero,	  California	  in	  1972.	  The	  house	  was	  a	  three	  bedroom,	  two-­‐bath	  design	  with	  a	  roof	  pond	  over	  the	  entire	  floor	  area.	  	  The	  design	  used	  a	  black	  plastic	  liner	  under	  clear	  bags	  of	  water	  on	  the	  roof	  for	  thermal	  storage	  in	  order	  to	  supply	  100%	  of	  the	  heating	  and	  cooling	  needs	  for	  the	  house	  (Overbey	  2012).	  	   During	  the	  heating	  season,	  the	  black	  liner	  and	  bags	  of	  water	  were	  exposed	  to	  solar	  radiation	  during	  the	  day	  and	  then	  covered	  with	  insulation	  in	  the	  late	  afternoon.	  	  The	  metal	  ceiling	  radiated	  heat	  into	  the	  home	  at	  night	  from	  the	  stored	  energy	  in	  the	  overhead	  thermal	  mass	  (water).	  During	  the	  summer	  the	  bags	  of	  water	  were	  exposed	  to	  the	  night	  sky	  to	  release	  the	  absorbed	  heat	  from	  the	  interior	  space	  through	  radiation	  (night	  sky	  cooling)	  and	  then	  covered	  with	  insulation	  during	  the	  day	  to	  prevent	  any	  exterior	  solar	  heat	  gains	  into	  the	  thermal	  mass.	  This	  system	  maintained	  interior	  temperatures	  of	  68°	  -­‐	  72°F	  when	  outdoor	  temperatures	  were	  32°F	  and	  68°F	  (the	  winter).	  The	  house	  remained	  between	  66°F	  and	  74°F	  	  	  even	  though	  outside	  temperatures	  ranged	  from	  26°	  to	  100°	  F	  throughout	  the	  year.	  Since	  the	  black	  line	  and	  clear	  water	  bags	  were	  sitting	  in	  contact	  with	  the	  metal	  ceiling	  and	  the	  metal	  ceiling	  covered	  the	  entire	  floor	  area,	  radiant	  heat	  was	  being	  evenly	  distributed	  throughout	  the	  occupied	  space	  and	  provided	  superior	  thermal	  comfort	  conditions	  relative	  to	  conventional	  forced	  air	  heat	  (Overbey	  2012).	  	   A	  HUD	  grant	  funded	  a	  research	  program	  to	  develop	  solar	  energy	  and	  construct	  the	  house	  in	  Atascadero	  (Hay	  Fund,	  2014).	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Figure	  11.	  	  The	  Atascadero	  House	  in	  California	  
(http://www.caed.calpoly.edu/content/centers/ehhf)	  	  	   	  	   The	  house	  pictured	  in	  figure	  11	  earned	  the	  distinction	  and	  international	  acclaim	  as	  the	  "most	  energy	  efficient	  house	  in	  America"	  because	  of	  the	  simple	  and	  affordable	  heating	  and	  cooling	  roof	  pond	  designed	  system.	  The	  house	  received	  the	  only	  recognition	  in	  the	  categories	  of	  environmental	  and	  solar	  energy	  during	  the	  nation's	  Bicentennial	  in	  1976,	  including	  a	  citation	  from	  President	  Ford	  and	  a	  commendation	  from	  the	  American	  Revolution	  Bicentennial	  Commission	  as	  an	  example	  of	  American	  housing	  for	  the	  next	  100	  years	  (Hay	  Fund,	  2014).	  
	  
2.8	  ROOFPOND	  SYSTEM	  DESIGN	  The	  materials	  used	  in	  a	  roofpond	  are	  basic	  and	  simple	  to	  design	  into	  a	  structure.	  In	  a	  typically	  designed	  roofpond	  system	  a	  metal	  deck	  (corrugated	  or	  some	  other	  structural	  decking)	  provides	  support	  and	  a	  conductive	  surface	  for	  the	  water	  bags	  and	  liner	  and	  covers	  most	  of	  the	  ceiling	  area	  of	  the	  designed	  structure.	  	  This	  metal	  deck	  needs	  to	  have	  a	  high	  degree	  of	  emissivity	  to	  conduct	  heat	  into	  and	  out	  of	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the	  water	  and	  into	  the	  occupied	  space.	  Emissivity	  is	  the	  ability	  of	  a	  surface	  to	  emit	  radiant	  energy	  compared	  to	  that	  of	  a	  black	  body	  (0.96)	  at	  the	  same	  temperature	  and	  with	  the	  same	  area.	  Highly	  polished	  metals	  have	  a	  rating	  of	  .05	  (Moore	  1993).	  	   On	  top	  of	  the	  roof	  deck	  is	  a	  watertight	  black	  liner	  or	  coating	  to	  prevent	  water	  from	  leaking	  through	  the	  metal	  deck	  to	  the	  space	  below.	  	  The	  liner	  can	  be	  a	  thin,	  pliable,	  black	  plastic	  pond	  liner,	  rubber	  or	  other	  elastomeric	  material	  (Overbey	  2012).	  	  Water	  contained	  in	  the	  water	  bags	  can	  range	  from	  4	  inches	  to	  24	  inches	  in	  depth	  depending	  on	  climatic	  conditions	  and	  site	  location.	  In	  the	  roof	  pond	  system	  used	  in	  this	  research,	  the	  water	  is	  contained	  in	  several	  clear	  plastic	  bags	  similar	  to	  waterbeds	  tubes	  with	  a	  depth	  of	  24	  inches.	  	   In	  the	  Roofpond	  North	  design,	  glazing	  is	  required	  to	  provide	  an	  enclosed	  space	  for	  optimal	  heating	  performance.	  	  When	  solar	  radiation	  strikes	  the	  surface	  the	  water	  bags,	  one	  or	  more	  of	  three	  things	  can	  happen.	  	  The	  radiation	  can	  be	  reflected,	  it	  can	  be	  transmitted	  and/or	  it	  can	  be	  absorbed.	  The	  proper	  design	  of	  a	  roof	  pond	  needs	  to	  take	  each	  into	  account.	  In	  the	  first	  scenario,	  if	  not	  placed	  appropriately,	  the	  aperture	  (glass)	  can	  inadvertently	  reflect	  too	  much	  of	  the	  radiation	  away	  from	  the	  storage	  device.	  In	  the	  second	  scenario	  the	  glass	  can	  transmit	  the	  radiation	  directly	  to	  the	  black	  liner	  to	  be	  transmitted	  to	  the	  metal	  roof	  and	  the	  third	  scenario	  is	  that	  the	  water	  can	  absorb	  some	  of	  the	  solar	  radiation.	  Of	  the	  three	  situations,	  only	  the	  first	  is	  undesirable.	  	  	   Since	  the	  weather	  is	  severely	  cold	  in	  the	  winter,	  the	  preferred	  glazing	  material	  is	  rigid	  glass	  for	  the	  Roofpond	  North	  design.	  Reflective	  liners/insulation	  may	  be	  used	  in	  the	  enclosed	  space	  to	  increase	  solar	  energy	  collection	  in	  the	  ponds.	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Moveable	  insulating	  panels	  are	  needed	  and	  an	  important	  component	  of	  roofpond	  systems,	  both	  South	  and	  North	  versions,	  in	  that	  they	  either	  cover	  or	  expose	  the	  water	  mass	  to	  the	  available	  solar	  radiation	  and	  environment.	  	  A	  timed	  control	  system	  determines	  when	  the	  panels	  should	  be	  moved	  and	  a	  manual	  or	  mechanical	  guidance	  and	  drive	  system	  opens	  and	  closes	  the	  panels.	  These	  panels	  need	  to	  provide	  as	  much	  insulative	  qualities	  as	  possible	  to	  prevent	  any	  heat	  escape	  through	  the	  glazing	  (Spanaki	  2011)	  so	  the	  optimum	  R-­‐	  Value	  will	  be	  location	  dependent.	  	  	  
2.9	  PASSIVE	  SOLAR	  HEATING/COOLING	  ROOFPOND	  FEATURES	  
	   The	  standard	  features	  for	  both	  northern	  and	  southern	  roofponds	  are	  water	  filled	  clear	  plastic	  bags,	  black	  liner	  that	  sits	  between	  ceiling	  and	  clear	  bags,	  a	  non-­‐insulated	  metal	  ceiling/roof,	  and	  movable	  insulation	  to	  cover	  the	  water	  bags.	  	  The	  differences	  between	  the	  two	  version	  are	  the	  southern	  roofpond	  is	  open	  to	  the	  sky	  when	  the	  insulation	  is	  pulled	  away	  from	  the	  bags	  and	  in	  the	  northern	  version	  the	  bags	  are	  enclosed	  within	  an	  insulated,	  glazed	  structure	  and	  the	  insulation	  moves	  away	  or	  over	  the	  glazing,	  depending	  on	  the	  season	  (Figure	  12).	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Figure	  12.	  	  	  Mechanisms	  of	  the	  roopond	  design	  for	  most	  climates.	  (Illustrations	  NEAT	  
Labs,	  2013)	  	  	  	  	   When	  designing	  a	  roof	  pond	  system	  it	  is	  very	  important	  to	  consider	  the	  site,	  climate,	  and	  building	  orientation.	  There	  needs	  be	  optimal	  solar	  access	  at	  all	  times	  to	  the	  solar	  collector	  or	  water	  tubes	  because	  the	  ultimate	  goal	  and	  primary	  concern	  is	  to	  gather	  as	  much	  available	  solar	  radiation	  as	  possible,	  just	  like	  any	  photovoltaic	  system.	  	   	  	  
2.10.	  ROOFPOND	  SOUTHWEST	  	   The	  roof	  pond	  southwest	  design	  is	  different	  from	  the	  north	  design	  in	  that	  it	  has	  a	  flat	  roof	  that	  is	  totally	  exposed	  when	  the	  movable	  insulation	  is	  in	  the	  open	  position.	  
	  
2.10.1	  Heating	  Mode	  	  	   The	  movable	  insulation	  is	  opened	  exposing	  the	  water	  filled	  bags	  to	  the	  solar	  radiation.	  	  The	  solar	  energy	  passes	  through	  the	  clear	  water	  filled	  plastic	  bags	  to	  the	  
PASSIVE SOLAR HEATING AND COOLING
 ROOFPOND SUMMARY OF KEY FEATURES
NORTH APPLICATION SOUTHWEST APPLICATION
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black	  liner.	  	  Some	  of	  the	  sun’s	  energy	  is	  absorbed	  into	  the	  water	  while	  the	  solar	  radiation	  penetrates	  through	  the	  water	  into	  the	  black	  liner	  laying	  on	  and	  heating	  up	  the	  metal	  deck	  (Marlette	  et	  al	  1984).	  The	  heat	  generated	  from	  the	  metal	  deck	  is	  absorbed	  back	  into	  the	  water	  and	  the	  water	  becomes	  a	  storage	  device	  for	  the	  heat.	  As	  this	  process	  progresses	  the	  temperature	  of	  the	  water	  rises	  and	  the	  heat	  is	  conducted	  back	  to	  the	  liner	  and	  metal	  roof	  deck	  and	  radiates	  to	  the	  occupied	  space	  below	  (NEAT	  Labs	  2013).	  	   Once	  the	  useable	  solar	  radiation	  is	  no	  longer	  available	  the	  movable	  insulation	  covers	  the	  roof	  pond	  water	  bags	  to	  reduce	  heat	  loss	  out	  of	  the	  roof.	  	  There	  is	  enough	  stored	  energy	  in	  the	  water	  from	  the	  day’s	  solar	  radiation	  to	  adequately	  heat	  the	  occupied	  space	  below	  throughout	  the	  night.	  The	  process	  is	  then	  repeated	  in	  the	  morning	  as	  long	  as	  there	  is	  a	  need	  for	  heating	  (NEAT	  Labs	  2013).	  	   	  	  
2.10.2	  Cooling	  Mode	  	  	   In	  the	  summer	  when	  air	  conditioning	  is	  needed,	  the	  process	  is	  the	  reverse	  of	  winter.	  	  During	  the	  day,	  the	  insulation	  is	  closed	  and	  protects	  the	  water	  bags	  against	  receiving	  any	  solar	  radiation.	  	  Instead,	  the	  water	  is	  absorbing	  the	  heat	  from	  the	  space	  below	  following	  the	  principle	  of	  heat	  going	  to	  lesser	  heat	  since	  the	  water	  has	  become	  cooler	  from	  the	  night	  before	  (NEAT	  Labs	  2013).	  	   During	  the	  night,	  the	  insulation	  is	  removed	  from	  over	  the	  water	  bags	  so	  the	  water	  can	  release	  its	  absorbed	  heat	  collected	  from	  the	  occupied	  space	  into	  the	  atmosphere.	  The	  heat	  rejection	  system	  takes	  advantage	  of	  the	  low	  radiant	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temperature	  of	  the	  night	  sky.	  This	  lowers	  the	  temperature	  of	  the	  water	  so	  much	  it	  becomes	  cooler	  than	  the	  surrounding	  area.	  The	  process	  is	  repeated	  as	  long	  as	  any	  cooling	  is	  needed.	  	  The	  amount	  of	  exposure	  to	  the	  sky	  can	  be	  varied	  depending	  on	  how	  much	  heat	  is	  absorbed	  and	  released	  into	  the	  atmosphere	  and	  that	  will	  keep	  the	  occupied	  space	  at	  the	  proper	  temperature	  (NEAT	  Labs	  2013).	  	  
	  
2.11	  ROOFPOND	  NORTH	  APPLICATION	  SYSTEM	  	  	   In	  a	  cold	  climate	  the	  roofpond	  north	  design	  (Figure	  12)	  must	  be	  used	  since	  it	  encloses	  the	  water	  bags	  within	  a	  confined	  space.	  During	  the	  winter	  the	  ponds	  are	  exposed	  to	  sunlight	  during	  the	  day	  through	  the	  south	  facing	  glass	  and	  then	  covered	  with	  some	  form	  of	  moveable	  insulation	  in	  the	  late	  afternoon.	  Heat	  collected	  by	  the	  ponds	  is	  mostly	  radiated	  from	  the	  metal	  ceiling	  directly	  to	  the	  space	  below	  while	  the	  enclosed	  space	  where	  the	  pond	  is	  contained	  remains	  warm	  (NEAT	  Labs	  2013).	  	  
2.11.1	  Heating	  Mode	  	   When	  heat	  is	  desired	  and	  enough	  solar	  radiation	  is	  available,	  the	  movable	  insulation	  is	  pulled	  back	  away	  from	  the	  pond	  glazing	  so	  solar	  radiation	  can	  penetrate	  through	  to	  the	  pond	  and	  metal	  deck.	  Incident	  solar	  radiation	  goes	  through	  the	  water	  producing	  some	  heat	  and	  also	  strikes	  the	  black	  metal	  deck	  producing	  more	  heat.	  	  The	  heat	  produced	  by	  the	  metal	  deck	  is	  conducted	  back	  into	  and	  stored	  in	  the	  water.	  Once	  there	  is	  enough	  stored	  heat	  in	  the	  water	  it	  starts	  to	  radiate	  to	  the	  occupied	  space	  increasing	  temperatures	  (NEAT	  Labs	  2013).	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   When	  solar	  radiation	  is	  no	  longer	  adequate,	  the	  movable	  insulation	  is	  relocated	  back	  over	  the	  glazing	  to	  prevent	  any	  heat	  loss	  from	  occurring.	  During	  the	  night	  the	  collected	  and	  stored	  solar	  radiation	  in	  the	  water	  is	  conducted	  through	  the	  metal	  deck	  and	  radiates	  into	  the	  occupied	  space	  providing	  heat	  (NEAT	  2013).	  	   In	  the	  morning,	  when	  adequate	  solar	  radiation	  is	  again	  available	  the	  process	  starts	  over	  again	  by	  removing	  the	  insulation	  from	  the	  glazing	  area	  to	  expose	  the	  water	  and	  deck	  to	  the	  suns	  rays.	  	  When	  solar	  radiation	  is	  not	  available	  the	  movable	  insulation	  remains	  shut	  while	  the	  water	  maintains	  a	  steady	  temperature	  from	  the	  stored	  heat	  already	  acquired	  (NEAT	  2013).	  	  	  
2.11.2	  COOLING	  MODE	  	   In	  the	  summer	  the	  movable	  insulation	  positions	  are	  reversed	  from	  winter	  so	  they	  cover	  the	  south	  facing	  glass	  during	  the	  day	  to	  protect	  the	  water	  from	  any	  solar	  radiation	  heat	  gain.	  During	  the	  day,	  heat	  from	  the	  occupied	  space,	  is	  absorbed	  by	  the	  cooler	  roof	  pond	  above	  the	  space.	  The	  heat	  radiates	  into	  the	  cooler	  water	  bags	  and	  is	  stored	  until	  the	  evening	  when	  the	  movable	  insulation	  is	  pulled	  away	  for	  the	  glazing.	  Once	  the	  insulation	  is	  moved	  away	  from	  glazing,	  high	  mass	  cooling	  is	  increased	  through	  the	  cooler	  aperture	  opening	  and	  into	  the	  night	  sky.	  Throughout	  the	  night	  heat	  continues	  to	  radiate	  out	  to	  the	  cooler	  night	  sky	  through	  natural	  convection	  and	  radiation.	  Right	  before	  solar	  radiation	  is	  available,	  the	  insulation	  is	  moved	  back	  over	  the	  glazing	  area	  to	  prevent	  any	  solar	  radiation	  in.	  	  The	  water	  is	  now	  cool	  enough	  to	  start	  the	  process	  over	  as	  long	  as	  cooling	  is	  needed	  (NEAT,	  2013)	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2.12	  OTHER	  ROOF	  POND	  PROTOTYPE	  RESEARCH	  
	   The	  Skytherm	  system	  was	  studied	  and	  modeled	  by	  Raeissi	  and	  Taheri	  (2000)	  in	  Shiraz,	  Iran.	  They	  used	  a	  one-­‐story	  house	  with	  no	  common	  walls,	  a	  floor	  area	  of	  1500	  f2	  and	  a	  height	  of	  approximately	  10ft.	  The	  house	  was	  heated	  in	  winter	  by	  typical	  gas-­‐burning	  heaters	  and	  cooled	  in	  summer	  by	  an	  evaporative	  water	  cooler	  consistent	  with	  the	  area.	  	   Raeissi	  and	  Taheri	  (2000)	  then	  wrote	  a	  computer	  program	  to	  calculate	  hourly	  cooling	  and	  heating	  load	  requirements	  for	  the	  house	  configuration.	  	  The	  data	  was	  validated	  and	  compared	  to	  field	  data	  taken	  from	  an	  actual	  house.	  The	  program	  was	  then	  used	  to	  simulate	  both	  a	  metal	  and	  a	  concrete	  Skytherm	  design	  approach.	  The	  program	  showed	  the	  Skytherm	  system	  is	  capable	  of	  reducing	  heating	  demands	  by	  86%	  and	  cooling	  loads	  by	  52%	  (Raeissi	  and	  Taheri	  2000).	  	  	  	  
	  
Table	  18.	  Comparison	  Temperatures	  for	  three	  different	  situations.	  (Raeissi	  and	  Taheri	  
2000).	  	  	  
ROOF$AND$WATER$TEMPERATURES$Roof$option$$ Average$daily$temperature,$°C$$ Outside$of$roof$maximum$temperature,$°C$
Outside$of$roof$minimum$temperature,$°C$$ $ Inside$of$roof$ Outside$of$roof$ Water$ $ $Ordinary$roof$ 21$June$ 29.0$ 39.7$ –$ 67$ 21$$ 9$February$ 23.3$ 16.4$ –$ 41$ 4$Concrete$skytherm$ 21$June$ 24.6$ 23.0$ 22.7$ 24$ 23$$ 9$February$ 28.6$ 38.5$ 39.9$ 40$ 37$Metal$skytherm$ 21$June$ 24.6$ 24.6$ 23.6$ 24$ 25$$ 9$February$ 27.3$ 27.5$ 30.3$ 30$ $$ $ $ $ $ $ $$
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Table	  19.	  Effect	  of	  roof	  thickness	  on	  daily	  cooling	  and	  heating	  load	  of	  test	  building	  for	  
different	  roof	  options	  (Raeissi	  and	  Taheri,	  2000).	  	  	  	  	  	   Raeissi	  and	  Taheri	  (2000)	  concluded	  that	  a	  traditionally	  designed	  Skytherm	  with	  metal	  decking	  is	  more	  thermally	  effective	  than	  normal	  building	  construction	  materials	  such	  as	  concrete	  and	  water	  bags	  (Table	  18	  -­‐	  19).	  The	  Skytherm	  can	  also	  be	  effectively	  incorporated	  into	  existing	  roofs	  and	  still	  gain	  the	  benefit	  of	  the	  system	  but	  is	  not	  as	  efficient.	  	  The	  Skytherm	  system	  is	  a	  very	  promising	  strategy	  for	  reducing	  both	  cooling	  and	  heating	  loads	  of	  buildings.	  	   In	  other	  research	  presented	  by	  Alfredo	  Fernandez-­‐Gonzalez	  (2007),	  five	  different	  passive	  solar	  prototype	  test-­‐cells	  were	  constructed	  and	  monitored	  in	  a	  cold	  climate.	  A	  Direct	  Gain,	  Trombe-­‐wall,	  Water-­‐wall,	  Sunspace,	  and	  Roofpond	  strategies	  were	  all	  identically	  tested,	  along	  with	  a	  control	  test-­‐cell,	  during	  the	  2002–2003	  heating	  season	  in	  Muncie,	  Indiana.	  Fernandez-­‐Gonzalez’s	  (2007)	  original	  intent	  was	  to	  	  	   	   “identify	  any	  barriers	  to	  achieving	  thermal	  comfort	  	  	   	   within	  a	  space	  when	  passive	  solar	  heating	  systems	  are	  	  	   	   employed	  in	  severe	  winter	  climates	  with	  predominant	  	  	   	   overcast	  sky	  conditions.	  Because	  of	  the	  original	  intent	  of	  	  	   	   this	  project,	  the	  test-­‐cells	  were	  arranged	  with	  their	  smaller	  	  
!ROOF!THICKNESS!EFFECT!Roof!option!! Daily!load,!108!J!! Addition!of!daily!load!(%)!! ! Roof!thickness=32!cm! Roof!thickness=5!cm! !Ordinary!roof! 21!June! 7.45! 11.82! 58.7!! 9!February! 5.35! 11.19! 109.2!Concrete!skytherm! 21!June! 4.39! 3.98! −8.4!! 9!February! 2.75! 1.60! −41.8!Metal!skytherm! 21!June! 3.57! 3.57! 0.0!! 9!February! 0.74! 0.74! 0.0!! ! ! ! !!
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   facades	  oriented	  to	  the	  north	  and	  south	  and	  the	  longer	  	  	   	   facades	  facing	  east	  and	  west.	  This	  arrangement	  permitted	  	  	   	   to	  study	  temperature	  differences	  throughout	  the	  day	  (diurnal	  	   	  	   	   operative	  temperature	  swings)	  and	  also	  simultaneous	  	  	   	   temperature	  differences	  throughout	  the	  space	  (a	  simultaneous	  	  	  	   	   comparison	  of	  four	  points	  instrumented	  within	  each	  cell	  to	  	  	   	   detect	  variations	  between	  the	  south	  side	  and	  the	  north	  side	  	  	   	   of	  the	  test-­‐cells).”	  	  	  	   The	  conclusions	  of	  this	  study	  support	  previous	  research	  and	  analysis	  from	  the	  forerunners	  of	  the	  roofpond	  strategy	  for	  heating	  and	  cooling	  showing	  the	  smallest	  diurnal	  variations	  of	  temperature	  with	  an	  average	  operative	  temperature	  swing	  of	  1.2	  C°	  and	  a	  maximum	  variation	  during	  the	  reported	  period	  of	  1.4	  C°	  with	  this	  passive	  solar	  strategy.	  The	  roofpond	  also	  had	  the	  smallest	  variations	  of	  temperatures	  between	  the	  north	  and	  south	  sides	  of	  the	  test	  cell.	  Table	  20	  illustrates	  that	  the	  roofpond	  has	  incredible	  thermal	  stability	  because	  of	  the	  amount	  of	  thermal	  storage	  available	  in	  the	  pond	  and	  its	  location	  in	  the	  ceiling	  collecting	  better	  solar	  radiation	  (Fernandez-­‐Gonzalez	  2007).	  	  	  PERFORMANCE	  INDICATORS	  OF	  EACH	  STRATEGY	  	   CC	   DG	   TW	   WW	   SS	   RP	  Average	  diurnal	  swing	  (°C)	   2.26	   7.80	   3.32	   4.99	   5.28	   1.24	  Maximum	  diurnal	  swing	  (°C)	   2.41	   10.27	   3.79	   5.94	   5.74	   1.44	  Average	  simultaneous	  north–south	  variation	  (°C)	   0.07	   2.89	   0.45	   0.98	   0.32	   0.11	  Maximum	  simultaneous	  north–south	  variation	  (°C)	   0.15	   3.68	   0.52	   1.22	   0.50	   0.20	  	   	   	   	   	   	   	  
Table	  20.	  	  CC	  (Control	  Cell),	  DG	  (Direct	  Gain),	  TW	  (Thrombe	  Wall),	  WW	  (Water	  Wall),	  
SS	  (Sun	  Space),	  RP	  (Roofpond)	  (Fernandez-­‐Gonzalez,	  2007)	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2.13	  SUMMARY	  	  	   In	  1982	  the	  California	  legislation	  approved	  the	  Skytherm	  system	  for	  solar	  tax	  credits	  for	  homeowners.	  What	  happened?	  	  	   Currently	  there	  are	  a	  number	  of	  projects	  that	  aim	  to	  investigate	  how	  to	  limit	  the	  amount	  of	  solar	  radiation	  collected	  on	  roofs	  and	  to	  decrease	  the	  cooling	  demands	  it	  causes.	  	  Throughout	  this	  chapter,	  it	  is	  clearly	  evident	  that	  water	  is	  an	  ideal	  thermal	  mass.	  Since	  the	  design	  and	  operation	  of	  roofponds	  are	  “overhead”	  in	  buildings	  it	  is	  a	  perfect	  solution	  to	  solving	  the	  “hot	  roof”	  problem,	  however,	  resistance	  to	  using	  such	  a	  technology	  seems	  to	  be	  too	  prevalent.	  The	  obstacle	  has	  been	  that	  architects	  and	  engineers	  have	  been	  trained	  to	  keep	  water	  out	  of	  buildings,	  as	  it	  is	  a	  liability	  for	  building	  envelopes	  and	  thus	  builders.	  	  	  If	  a	  roofpond	  leaks	  the	  water	  can	  quickly	  damage	  the	  structure	  and	  the	  contents	  within	  it.	  	  The	  solution	  is	  to	  do	  the	  due	  diligence	  necessary	  and	  to	  design	  the	  system	  in	  such	  a	  way	  that	  constructing	  it	  with	  best	  practices	  should	  prevent	  any	  problem	  from	  occurring,	  just	  like	  conventional	  construction	  methods	  for	  keeping	  water	  out.	  	  	  	   Roofponds	  need	  to	  be	  looked	  to	  as	  an	  effective	  passive	  solar	  strategy,	  which	  will	  strongly	  contribute	  to	  energy	  demand	  reduction	  in	  the	  building	  sector	  from	  now	  and	  into	  the	  future.	  As	  more	  people	  learn	  and	  experience	  the	  concept,	  sooner	  or	  later,	  this	  system	  can	  grow	  into	  a	  viable	  and	  highly	  desirable	  option	  for	  heating	  and	  cooling.	  	  We	  need	  to	  invest	  and	  move	  forward	  producing	  real	  living	  situations	  in	  which	  to	  show	  not	  only	  the	  value,	  but	  also	  the	  importance.	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CHAPTER	  3	  STRAWBALE	  CONSTRUCTION	  
	  
	  
3.1	  CONTEXT	  	  	   	   “Just	  because	  it	  is	  better	  does	  not	  mean	  it	  is	  good.”	  	  	  	   	   	   	   	   	   	   	   Sim	  Van	  Der	  Ryn	  
	  	   	   “We	  did	  not	  inherit	  the	  Earth	  from	  our	  ancestry;	  	  	   	   	  we	  borrowed	  the	  Earth	  from	  our	  children.”	  	  	  	   	   	   	   	   	   	   A	  Native	  American	  Proverb	  
	  
	  	   The	  use	  of	  sustainable	  materials	  in	  the	  building	  sector	  is	  becoming	  increasingly	  popular	  and	  necessary	  (Mohr	  et	  al	  2012).	  	  Sustainability	  measures	  applied	  in	  this	  sector	  can	  produce	  the	  best	  results	  since	  building	  construction	  and	  building	  use	  are	  responsible	  for	  almost	  50%	  of	  the	  CO2	  emissions	  in	  the	  atmosphere	  (Architecture	  2030	  Challenge	  2011).	  	  The	  reduction	  of	  humankind	  impacts	  on	  the	  environment	  should	  be	  treated	  as	  an	  obligation	  for	  everyone,	  no	  matter	  who	  or	  where.	  We	  can’t	  just	  do	  better,	  we	  must	  strive	  for	  “good.”	  	  	  	   Before	  starting	  this	  research,	  I	  began	  investigating	  how	  to	  design	  sustainable	  and	  affordable	  housing	  units	  for	  a	  remote	  First	  Nations	  people	  in	  Northern	  Manitoba,	  Canada.	  I	  wanted	  to	  find	  something	  better	  than	  what	  was	  currently	  being	  provided	  for	  their	  housing,	  or	  put	  differently,	  a	  building	  system	  that	  would	  be	  good	  for	  this	  community.	  Reviewing	  all	  of	  the	  factors	  that	  would	  influence	  the	  design	  and	  materials	  of	  such	  a	  project	  brought	  me	  to	  the	  conclusion	  that	  the	  best	  system	  for	  housing	  people,	  whether	  it	  was	  in	  response	  to	  affordability,	  durability,	  comfort,	  cultural	  sensitivity,	  appearance	  or	  being	  locally	  appropriate,	  was	  the	  use	  of	  some	  kind	  of	  straw	  bale	  construction	  system.	  	  I	  had	  many	  questions	  I	  needed	  to	  answer,	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but	  the	  most	  important	  one	  was	  “If	  this	  was	  such	  a	  good	  building	  material,	  how	  come	  it	  hasn’t	  taken	  off	  and	  become	  the	  norm.”	  	  	   After	  I	  began	  to	  conduct	  my	  research	  on	  straw	  bale	  construction	  systems,	  I	  was	  introduced	  to	  the	  concept	  of	  roofponds,	  as	  a	  method	  to	  heat	  and/or	  cool	  a	  building	  (in	  most	  climates,	  if	  not	  all),	  by	  Professor	  Alfredo	  Fernandez-­‐Gonzalez.	  They	  seem	  so	  easy	  to	  understand	  and	  use,	  I	  could	  not	  figure	  out	  why	  there	  had	  been	  very	  few	  built.	  	  Suddenly	  there	  were	  the	  same	  questions	  I	  had	  with	  straw	  bale:	  Why	  aren’t	  there	  more	  people	  using	  this	  method	  of	  heating	  and	  cooling?	  
	  
3.2	  STRAW	  
3.2.1What	  is	  straw?	  
	   “Straw	  is	  etymologically	  something	  ‘strewn’	  on	  the	  floor.	  The	  word	  goes	  back	  to	  a	  prehistoric	  Germanic	  *strāwam	  (source	  also	  of	  German	  stroh,	  Dutch	  stroo,	  Swedish	  strã,	  and	  Danish	  straa).	  This	  was	  formed	  from	  the	  same	  base	  as	  produced	  
strew	  [OE],	  and	  goes	  back	  ultimately	  to	  Indo-­‐European	  *ster-­‐	  ‘spread’,	  source	  also	  of	  Latin	  sternere	  ‘spread	  out’	  (from	  which	  English	  gets	  prostrate,	  strata,	  etc).	  Dried	  grain	  stalks	  were	  commonly	  scattered	  over	  floors	  as	  an	  ancient	  form	  of	  temporary	  carpeting,	  and	  so	  they	  came	  to	  be	  termed	  straw.”	  (Credo	  Reference	  2013)	  	   People	  unfamiliar	  with	  straw	  bale	  construction	  are	  often	  confused	  by	  the	  words	  “straw”	  and	  “hay”	  and	  mistakenly	  think	  the	  terms	  are	  interchangeable.	  They’re	  not!	  Both	  straw	  and	  hay	  can	  be	  called	  “forage”	  but	  there’s	  an	  important	  distinction	  between	  the	  two.	  Straw	  is	  a	  by-­‐product	  of	  seed	  (or	  grain)	  production.	  For	  example,	  a	  farmer	  who	  grows	  wheat	  will	  harvest	  the	  grain;	  the	  dry	  plant	  that	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remains	  after	  harvest	  is	  straw	  (US.	  Forage	  Export	  Council	  2013).	  	   Straw	  is	  the	  tubular	  plant	  structure	  between	  the	  roots	  and	  the	  grain	  head,	  whereas	  hay	  is	  straw	  that	  includes	  the	  grain	  (King	  2013.)	  Hay	  is	  grown	  and	  cut	  before	  the	  plant	  goes	  to	  seed.	  The	  plant	  pumps	  nutrients	  into	  the	  seed	  or	  grain	  so	  hay	  will	  have	  more	  nutrients	  than	  straw.	  Dairy	  farmers	  and	  cattle	  ranches	  typically	  buy	  on	  the	  basis	  of	  protein	  although	  most	  farmers	  recognize	  the	  value	  of	  fiber,	  of	  which	  hay	  and	  straw	  both	  provide	  a	  lot.	  (US	  Forage	  Export	  Council	  2013)	  It	  is	  a	  simple,	  flexible,	  durable	  and	  natural	  byproduct	  of	  cereal	  grain	  production	  usually	  from	  rice,	  oats,	  barley,	  rye,	  and	  wheat.	  	  	  	   Khan	  and	  Muhan	  (2012)	  describe	  how	  each	  stalk	  closely	  resembles	  a	  long,	  thin,	  hollow	  tree	  trunk	  (Figure	  13-­‐14).	  	  They	  both	  have	  a	  similar	  chemical	  structure:	  cellulose	  and	  lignin.	  	  The	  composition	  of	  straw	  is	  made	  up	  of	  the	  following	  constituents	  in	  order:	  	  	   	  	   1.	  33%	  -­‐	  40%	  Cellulose:	  The	  long	  microfibers	  consisting	  of	  crystalline	  regions	  	   and	  less	  ordered	  regions	  that	  provide	  the	  tensile	  strength	  and	  structure	  of	  	   the	  plant.	  	   2.	  21%	  -­‐	  26%	  Hemicellulose:	  Shorter	  and	  less	  crystalline	  hemicellulose	  	   molecules	  that	  act	  as	  an	  adhesive	  to	  bind	  the	  longer	  fibers	  	   3.	  11%	  -­‐	  15%	  Ash	  and	  other	  minor	  constituents	  by	  volume,	  mainly	  silicon	  	   dioxide	  (varies	  by	  plant	  species):	  the	  more	  of	  this	  silica	  ash	  present	  in	  the	  	   plant,	  the	  better	  the	  resistance	  to	  fire	  and	  decay.	  Rice	  has	  the	  highest	  	   concentration	  of	  silicon	  dioxide.	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   4.	  11%	  –	  22%	  Lignin	  by	  volume:	  The	  most	  stable	  part	  of	  the	  straw	  and	  the	  	   glue	  that	  binds	  it	  all	  together	  (Khan	  and	  Muhan	  2012).	  	  
	  
Figure	  13.	  Left:	  Wheat	  in	  heads,	  stalk	  and	  grains	  (http://www.healthbanquet.com/wheatgrass-­‐life-­‐cycle.html)	  	  Right:	  Wheat	  straw	  (http://lostandtaken.com/blog/?currentPage=52)	  	  	  
	  
	   	   	   	   Figure	  14.	  Wheat	  straw	  close	  up	  section	  	   	   	  	   	   (http://www.physics.siu.edu/malhotra/vivek/biocomposites.htm)	  	  	   	  	   Straw	  can	  also	  help	  maintain	  healthy	  soil	  by	  tilling	  it	  back	  into	  the	  ground.	  The	  amount	  of	  straw	  required	  for	  this	  function	  is	  determined	  by	  the	  current	  state	  of	  the	  soil.	  	  If	  is	  it	  healthy	  soil,	  only	  20%	  needs	  to	  be	  tilled	  back	  in,	  leaving	  80%	  to	  be	  considered	  waste	  and	  thus	  used	  for	  straw	  bales	  (Helwig	  et	  al	  2002).	  Since	  straw	  is	  a	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huge	  "waste"	  product	  from	  the	  agricultural	  industry,	  it	  should	  be	  fully	  utilized	  as	  a	  sustainable	  building	  material	  in	  the	  construction	  industry.	  	  It	  is	  also	  a	  renewable	  product	  that	  is	  currently	  and	  abundantly	  available	  in	  most	  areas	  in	  the	  world,	  is	  usually	  inexpensive,	  can	  be	  simple	  to	  work	  with,	  and	  has	  many	  other	  exceptional	  attributes,	  to	  be	  discussed	  in	  later	  sections	  (Kwok	  and	  Grondzik	  2011,	  47).	  	   Straw	  does	  not	  wick	  or	  suck	  water	  into	  itself	  like	  other	  building	  materials	  do.	  It	  can	  get	  wet	  through	  rain	  and	  other	  water	  sources	  but	  will	  dry	  out	  with	  the	  movement	  of	  air	  around	  it	  (Jones	  2009,	  38).	  This	  cycle	  of	  wetting	  and	  drying	  out	  normally	  will	  not	  damage	  the	  straw	  	   Another	  issue	  to	  briefly	  touch	  on	  is	  that	  heavily	  fertilized	  straw	  seems	  to	  be	  weaker	  than	  organic	  straw	  and	  the	  fertilizer	  seems	  to	  interfere	  with	  its	  innate	  integrity	  (King	  2009,	  3).	  	  Since	  fertilizer	  quickens	  plant	  growth	  and	  produces	  a	  thin	  straw	  stalk,	  it	  also	  seems	  to	  be	  more	  susceptible	  to	  decomposition.	  	  
3.2.2	  	  Where	  is	  it	  Grown?	  	   Nearly	  half	  the	  world’s	  grain	  is	  produced	  in	  just	  three	  countries:	  China,	  the	  United	  States,	  and	  India.	  In	  2012,	  China	  produced	  an	  estimated	  479	  million	  tons	  of	  grain,	  the	  United	  States	  produced	  354	  million	  tons	  and	  India	  harvested	  230	  million	  tons.	  The	  countries	  in	  the	  European	  Union	  together	  produced	  274	  million	  tons	  (Larsen	  2013).	  The	  United	  States	  is	  the	  largest	  producer	  of	  cereal	  grains	  (excluding	  corn)	  in	  the	  world	  so	  access	  to	  straw	  is	  relatively	  convenient.	  It	  is	  said	  that	  85%	  of	  the	  world’s	  population	  has	  access	  to	  some	  kind	  of	  straw	  because	  of	  the	  amount	  of	  grains	  grown.	  If	  we	  used	  half	  of	  what	  is	  available	  for	  structures,	  it	  would	  build	  over	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10million,	  2,000f2	  homes	  a	  year.	  That	  number	  is	  5	  times	  more	  than	  the	  highest	  number	  of	  housing	  starts	  in	  history	  (Bartels	  2008).	  
	  
3.2.3	  Are	  There	  Better	  Uses	  for	  straw?	  	  	   There	  is	  a	  process	  to	  create	  a	  charcoal	  produced	  by	  pyrolysis	  of	  wood,	  straw,	  waste,	  etc.	  for	  capturing	  and	  storage	  of	  carbon	  and	  it	  is	  known	  as	  biochar.	  This	  process	  has	  been	  introduced	  as	  a	  technology	  to	  help	  avoid	  climate	  change	  as	  it	  uses	  pyrolysis	  to	  convert	  some	  of	  the	  biomass	  feedstock	  into	  a	  gaseous	  form	  that	  can	  be	  used	  for	  energy	  production.	  	  The	  remaining	  part	  is	  char,	  which	  is	  resistant	  to	  bio-­‐gradation	  and	  when	  added	  to	  soil	  it	  increases	  carbon	  storage,	  improves	  soil	  quality	  and	  reduces	  emissions	  (Goodall	  2010).	  Growing	  concern	  about	  green	  house	  gas	  emissions	  has	  made	  it	  critical	  to	  find	  ways	  of	  finding	  carbon	  sinks	  along	  with	  the	  control	  over	  its	  discharge.	  Biochar	  is	  technically	  considered	  one	  of	  the	  most	  feasible	  ways	  of	  creating	  a	  carbon	  sink	  as	  well	  as	  for	  improving	  soil	  structure	  to	  enhance	  the	  productivity	  of	  soils.	  The	  peculiar	  structure	  of	  biochar	  offers	  large	  surface	  areas,	  which	  is	  important	  in	  improving	  the	  soil	  texture,	  arability,	  retention	  of	  nutrients,	  and	  provides	  surface	  for	  growth	  of	  beneficial	  microorganisms.	  The	  water	  holding	  capacity	  of	  soils	  is	  also	  increased	  by	  adding	  biochar,	  which	  helps	  to	  prevent	  leaching	  of	  valuable	  nutrients	  into	  streams	  and	  rivers	  (Goodall	  2010).	  	  	   Using	  straw	  waste	  to	  produce	  biochar	  is	  one	  option	  being	  considered	  for	  climate	  mitigation.	  	  Mattila	  et	  al	  (2012)	  did	  a	  study	  in	  2010	  of	  the	  overall	  effect	  of	  using	  straw	  bales	  to	  produce	  biochar	  instead	  of	  using	  them	  as	  a	  building	  construction	  material.	  The	  study	  compared	  using	  the	  waste	  product	  of	  feedstock	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(straw)	  for	  biochar	  or	  for	  straw	  bale	  insulation.	  The	  outcome	  of	  this	  study	  is	  important	  as	  it	  takes	  many	  things	  into	  consideration	  for	  the	  best	  way	  to	  turn	  a	  waste	  product	  into	  a	  beneficial	  material	  (Table	  21).	  On	  a	  life	  cycle	  perspective,	  straw	  bale	  construction	  results	  in	  higher	  net	  carbon	  storage	  than	  biochar	  production.	  However	  the	  result	  was	  found	  to	  be	  highly	  dependent	  on	  the	  assumptions	  on	  the	  overall	  energy	  efficiency	  of	  the	  replaced	  building	  stock.	  Straw	  bale	  construction	  is	  a	  relatively	  low-­‐tech	  method	  for	  carbon	  storage,	  which	  has	  a	  high	  potential	  for	  offsetting	  residential	  greenhouse	  gases	  and	  at	  the	  same	  time	  helps	  alleviate	  some	  of	  the	  affordable	  housing	  shortage	  issues	  (Mattila	  et	  al	  2012).	  	  
	  
Table	  21.	  Comparing	  climate	  impacts	  of	  using	  straw	  for	  construction	  or	  biochar.	  
(Mattila	  et	  al,	  2012)	  
	  
	  
	  	   When	  using	  a	  life	  cycle	  assessment	  to	  compare	  the	  climate	  impacts	  of	  both	  options,	  Mattila	  et	  al	  (2012)	  found	  that	  using	  straw	  bales	  for	  insulation	  as	  a	  building	  material	  had	  a	  high	  potential	  for	  offsetting	  residential	  greenhouse	  gases	  at	  a	  greater	  value	  than	  using	  it	  for	  biochar	  and	  should	  be	  implemented	  on	  a	  large	  scale	  to	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capitalize	  on	  its	  benefits	  since	  it	  also	  aids	  in	  providing	  a	  sustainable	  and	  affordable	  building	  material	  (Goodall	  2010).	  Biochar	  has	  potential	  for	  climate	  mitigation,	  but	  the	  various	  potentials	  of	  straw	  bale	  for	  construction	  purposes	  may	  be	  greater	  in	  most	  cases.	  	  	  
3.3	  HISTORY	  OF	  STRAW	  BALE	  
	  	   Straw	  bale	  dwellings	  were	  a	  natural	  progression	  from	  earlier	  forms	  of	  housing	  that	  were	  born	  out	  of	  necessity.	  	  People	  throughout	  history	  had	  to	  use	  local	  materials	  to	  build	  something	  that	  would	  protect	  them	  from	  the	  elements	  and	  adapt	  to	  their	  lifestyle.	  	  Straw	  has	  been	  used	  as	  a	  building	  material	  since	  the	  earliest	  inhabitants	  on	  earth.	  	  In	  the	  United	  States,	  the	  first	  peoples	  used	  any	  straw	  material	  available	  to	  build	  their	  dwellings	  since	  there	  were	  very	  few	  trees	  on	  the	  Plains,	  as	  shown	  in	  figure	  15.	  	  
	  
Figure	  15.	  Three	  Piegan	  Chiefs	  on	  the	  Plains.	  (Notice	  the	  absence	  of	  trees)	  Edward	  Curtis	  1900	  (Ed	  Curtis	  Gallery)	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   Dwellings	  ranged	  in	  size	  and	  shape	  depending	  on	  people’s	  lifestyle	  and	  location.	  	  As	  you	  can	  see	  from	  the	  beautiful	  photographs	  below,	  taken	  in	  1903	  -­‐	  1906	  by	  Ed	  Curtis,	  dwellings	  were	  made	  with	  the	  local	  brushes	  and	  grains,	  dried	  and	  bound	  together	  to	  make	  a	  dome	  dwelling	  (Figure	  16	  -­‐	  19).	  
	  
	   Figure	  16.	  Apache	  Reaper	  (Gathering	  Wheat)	  Ed	  Curtis	  1906	  	  	   (http://hdl.loc.gov/loc.pnp/cph.3a47114)	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   Figure	  17.	  Apache	  Wickiup	  made	  from	  the	  stalk	  waste	  of	  the	  gathered	  grasses	  	  	   (http://hdl.loc.gov/loc.pnp/cph.3c01173)	  	  
	  
	   Figure	  18.	  A	  Chemehuevi	  Dwelling	  made	  from	  dried	  grasses	  and	  mud.	  	  C.	  C.	  Pierce	  &	  Co.	  1904	  	  	   (http://www.gutenberg.org/files/42361/42361-­‐h/42361-­‐h.ht)	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Figure	  19.	  "A	  Home	  in	  the	  Mesquite-­‐	  Chemehuevi"	  made	  from	  dried	  grasses	  and	  
mud.	  1924	  (Ed	  Curtis,	  Ed	  Curtis	  Galleries)	  
	  
	  
	  	   When	  pioneers	  were	  seeking	  land	  under	  the	  1862	  Homestead	  Act	  and	  the	  1904	  Kinkaid	  Act	  in	  Nebraska,	  they	  were	  confronted	  with	  a	  lack	  of	  trees	  over	  much	  of	  the	  area	  since	  it	  was	  part	  of	  the	  vast	  open	  prairies	  of	  the	  Midwest.	  In	  many	  parts	  of	  the	  state,	  the	  soil	  was	  suitable	  for	  sod	  houses	  and	  small	  dwellings	  dug	  into	  the	  earth	  (Mead	  and	  Hunt,	  2006).	  However,	  in	  the	  “Sandhills,	  a	  distinct,	  semi-­‐arid	  ecology	  of	  sand	  dunes	  stabilized	  by	  grass	  cover	  and	  characterized	  by	  the	  almost	  total	  lack	  of	  traditionally	  suitable	  building	  materials”	  (NRHP	  1977),	  the	  soil	  made	  poor	  construction	  sod	  because	  of	  its	  inability	  to	  hold	  a	  shape	  necessary	  to	  build	  a	  structure	  that	  would	  not	  collapse.	  The	  settlers	  needed	  to	  find	  a	  suitable	  building	  material	  to	  use	  for	  their	  homes	  (Figure	  20).	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   Figure	  20.	  Original	  Nebraska	  style	  straw	  bale	  construction,	  Pilgrim	  Holiness	  Church	  
	   	  in	  Arthur,	  Nebraska.	  
	   (http://en.wikipedia.org/wiki/Pilgrim_Holiness_Church_(Arthur,_Nebraska)#mediaviewer/Fil
	   e:Arthur_Pilgrim_Holiness_Church_from_NW.JPG)	  	  
	   Straw-­‐bale	  construction	  came	  about	  as	  a	  result	  of	  the	  invention	  of	  the	  mechanical	  hay	  baler	  in	  1872	  by	  Charles	  Withington.	  	  The	  first	  reaper	  used	  a	  knotting	  device	  to	  bind	  and	  tie	  knots	  around	  bundled	  hay.	  	  Cyrus	  McCormick	  commercialized	  the	  machine	  in	  1874.	  	  Then	  in	  1936,	  this	  machine	  had	  progressed	  to	  an	  automatic	  baler	  that	  tied	  bales	  with	  twine.	  (Briton	  Cortage	  2011)	  	  	  	   Plastering	  the	  walls	  of	  the	  structure	  started	  after	  it	  was	  reported	  that	  cows	  started	  eating	  the	  schoolhouse	  walls.	  	  Locals	  started	  using	  whatever	  earthen	  plaster	  product	  was	  local	  and	  available.	  	  By	  1999,	  2173	  of	  these	  building	  were	  still	  surviving	  and	  have	  contributed	  to	  the	  research	  of	  straw	  bale	  construction	  methods,	  durability,	  and	  lifespan	  issues	  (Henry	  2012).	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   Figure	  21.	  Martin/Monhart	  House	  1925	  (The	  Sustainable	  Home)	  	  	   The	  Martin/Monhart	  house	  seen	  in	  figure	  21	  was	  one	  of	  the	  later	  homes	  to	  be	  built	  in	  the	  original	  wave	  of	  Nebraska	  bale	  building.	  An	  article	  was	  written	  by	  Michael	  Henry,	  in	  the	  “Sustainable	  House,”	  in	  which	  he	  talks	  about	  his	  personal	  experience	  visiting	  the	  Nebraska	  straw	  bale	  house	  area	  and	  interviewing	  some	  of	  the	  current	  residents.	  You	  can	  get	  an	  idea	  of	  what	  some	  of	  these	  earlier	  structures	  are	  like	  by	  reading	  it:	  
	  	   	  	  	  	  	  “Jake	  Cross	  took	  me	  to	  see	  the	  Martin/Monhart	  house,	  a	  home	  that	  was	  built	  in	  1925	  out	  of	  baled	  late-­‐season	  hay.	  It	  was	  formerly	  owned	  by	  his	  wife,	  Lucille’s,	  parents.	  What	  struck	  me	  most	  about	  this	  house	  is	  how	  normal	  it	  looks.	  Modern	  straw	  bale	  homes	  emphasize	  the	  straw,	  with	  rounded	  corners,	  unique	  plasters,	  and	  often	  slightly	  wavy	  or	  uneven	  walls.	  My	  first	  thought	  was	  that	  the	  inside	  of	  the	  Martin/Monhart	  house	  had	  drywall	  over	  top	  of	  the	  bale	  walls,	  they	  were	  straight	  and	  flat	  and	  covered	  with	  wallpaper.	  This	  could	  have	  been	  my	  grandparents’	  house.	  Jake	  had	  me	  stand	  right	  beside	  the	  wall	  and	  look	  down	  its	  length;	  from	  this	  vantage	  point	  a	  slight	  wave	  could	  be	  seen	  where	  the	  wall	  meets	  the	  ceiling-­‐	  what	  I	  mistook	  for	  drywall	  was	  the	  bale	  wall	  itself.	  Only	  in	  the	  windows	  could	  the	  depth	  of	  the	  walls	  be	  seen,	  showing	  the	  tremendous	  insulation	  value	  of	  nearly	  two	  feet	  of	  baled	  hay.	  Lucille	  told	  me	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the	  story	  of	  the	  day	  a	  tornado	  roared	  through	  the	  town,	  tearing	  up	  trees,	  blowing	  out	  windows	  and	  sounding	  like	  a	  freight	  train	  running	  through	  the	  middle	  of	  town.	  As	  soon	  as	  the	  tornado	  had	  passed	  Lucille	  went	  to	  check	  on	  her	  parents	  only	  a	  block	  away	  from	  the	  path	  of	  destruction.	  ‘We	  found	  them	  playing	  cards,’	  she	  recounted,	  ‘they	  had	  no	  idea	  a	  tornado	  had	  passed,	  they	  didn´t	  believe	  us	  at	  first.’	  Bales	  are	  a	  great	  insulator	  against	  sound	  as	  well	  as	  temperature.	  Standing	  there	  surrounded	  by	  the	  old	  furniture,	  I	  could	  imagine	  the	  couple	  peacefully	  playing	  cards,	  blissfully	  unaware	  of	  the	  destruction	  that	  came	  so	  close”(Henry	  2012).	  	  	   In	  the	  United	  States	  49	  out	  of	  the	  50	  states	  have	  a	  straw	  bale	  structure	  (Bartels	  2008).	  There	  are	  also	  other	  straw	  bale	  styles	  of	  houses	  that	  have	  been	  built	  in	  other	  parts	  of	  the	  world.	  	  There	  are	  at	  least	  50	  other	  countries	  with	  registered	  straw	  bale	  buildings	  in	  use	  as	  of	  October	  26,	  2012	  (Strawbale	  Registry	  2013).	  	   The	  oldest	  straw	  bale	  house	  in	  Europe,	  Maison	  de	  Paille,	  is	  in	  Montargis,	  France.	  The	  engineer,	  Emile	  Feuillette,	  built	  the	  house	  in	  1921	  (Figure	  22).	  He	  was	  looking	  for	  construction	  alternatives	  in	  regions	  devastated	  by	  war	  and	  was	  searching	  for	  materials	  that	  were	  easy	  to	  come	  by,	  local	  and	  cheap	  so	  the	  building	  process	  could	  be	  expedited.	  The	  house	  is	  a	  modular,	  timber	  frame	  construction	  with	  a	  straw	  bale	  infill	  using	  local	  materials	  (Centre	  National	  de	  la	  Construction	  Paille	  2013).	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   Figure	  22.	  Original	  photograph	  from	  the	  Newspaper	  “La	  Science	  et	  la	  	  
	   	   Vie”.	  No.	  56.	  May	  1921.	  	   	   	   	   	   	   	  
	   	  	  	  	  	  	  	  	  	  (http://www.habitatecologique.org/doc/La_Science_et_la_Vie_56.pdf)	  	  	  	   La	  Maison	  Feuillette	  went	  up	  for	  sale	  in	  February	  2013	  for	  $357,000.	  Despite	  certain	  features	  of	  the	  time,	  like	  single	  glazed	  windows,	  the	  house	  passes	  the	  2005	  French	  energy	  efficiency	  standards	  that	  require	  a	  maximum	  energy	  use	  of	  or	  heat	  loss	  rate	  of	  159kWh/m2	  per	  year	  (Figure	  23).	  Even	  though	  it	  was	  built	  in	  1921,	  it	  was	  built	  such	  that	  validates	  the	  latest	  straw	  bale	  building	  code	  currently	  in	  use	  in	  France.	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Figure	  23.	  La	  Maison	  Feuillette	  today	  Maison	  Feuillette	  house.	  (Left)	  The	  single	  glazed	  
windows	  are	  obvious	  in	  this	  infrared	  photograph.(Right)	  	  The	  rest	  of	  the	  structure	  
appears	  to	  perform	  extremely	  well	  for	  any	  house,	  especially	  when	  built	  in	  1921.	  
(photograph	  from	  Centre	  National	  de	  la	  Construction	  Paille.)	  	  	   The	  house	  is	  still	  inhabited	  and	  perfectly	  preserved,	  having	  been	  subjected	  to	  few	  alterations.	  It	  is	  said	  that	  any	  of	  the	  changes	  have	  neither	  changed	  the	  structure	  of	  the	  house	  nor	  its	  original	  designated	  purpose.	  It	  is	  also	  globally	  recognized	  as	  being	  a	  unique,	  innovative	  and	  a	  perfect	  specimen	  for	  study	  (Centre	  National	  de	  la	  Construction	  Paille	  2012).	  	   To	  set	  the	  tone	  of	  that	  day,	  this	  article,	  written	  in	  1920,	  gives	  a	  good	  perspective	  on	  the	  view	  of	  the	  straw	  bale	  construction	  method	  invented	  for	  the	  time.	   	   “The	  rebuilding	  of	  farmhouses	  and	  countryside	  habitations	  in	  the	  areas	  devastated	  by	  the	  enemy	  can	  be	  accelerated	  thanks	  to	  the	  use	  of	  abundant	  and	  cheap	  materials.	  The	  problem	  of	  laborers’	  houses	  can	  be	  solved	  by	  the	  same	  method.	  	  	   Let’s	  say	  that	  this	  point	  of	  view	  has	  not	  been	  one	  of	  the	  lesser	  that	  has	  encouraged	  Mr.	  Feuillette	  to	  do	  research	  to	  realize	  a	  nice	  house	  to	  live	  in,	  comfortable,	  hygienic	  and	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long	  term	  and	  that	  was	  affordable	  for	  employees	  of	  small	  firms	  and	  retired	  manual	  workers	  with	  little	  pensions.	  	   The	  buildings	  made	  of	  stone	  or	  brick	  cannot	  solve	  the	  workers’	  housing	  problems,	  as	  they	  are	  too	  expensive.	  Wood	  houses	  and	  all	  light	  construction	  with	  thin	  walls	  which	  are	  a	  little	  less	  expensive	  do	  not	  answer	  the	  problem	  neither	  as	  they	  are	  not	  long-­‐term,	  isothermal,	  comfortable	  or	  hygienic	  like	  the	  straw	  house	  is	  made	  to	  be.”	  (Lamache,	  1921	  Translated)	  	  	  	   After	  reading	  the	  article	  in	  the	  newspaper	  from	  1920,	  it	  appears	  that	  they	  understood	  the	  importance	  of	  this	  type	  of	  construction	  and	  its	  benefits	  even	  more	  so	  than	  most	  people	  today.	  	  Without	  knowing	  it	  was	  written	  almost	  100	  years	  ago,	  one	  would	  think	  it	  could	  be	  a	  current	  day	  article	  in	  an	  environmental	  magazine.	  	  
	  
3.3.1	  Straw	  Bales	  	  
	  	   There	  are	  different	  configurations	  of	  bales,	  some	  usable	  and	  some	  generally	  not.	  	  The	  jumbo	  round	  bale	  has	  only	  just	  started	  to	  be	  used	  because	  of	  its	  size	  and	  the	  machinery	  that	  needs	  to	  be	  used	  to	  set	  it	  in	  place	  at	  the	  job	  site.	  The	  most	  usable	  ones	  are	  smaller	  and	  rectangular	  in	  shape.	  The	  large	  jumbo	  bales	  are	  around	  1200	  lbs.	  and	  are	  4’	  x	  4’	  x	  8’	  in	  size.	  	  The	  next	  size	  down	  is	  the	  jumbo	  bales	  around	  1000lbs.	  and	  they	  are	  4’	  x	  3’	  x	  8’.	  	  The	  two	  most	  usable	  sizes	  are	  the	  3-­‐string	  bale	  at	  75lb.	  –	  95lb.	  bales	  which	  measure	  16”	  x	  23”	  x	  46”	  and	  the	  2-­‐string	  bale	  weighing	  45lbs.	  -­‐	  50lbs.	  and	  measuring	  15”	  x	  18”	  x	  36”	  (King	  2013;	  Jones	  2009,	  40).	  	   Straw	  bales	  are	  tightly	  compressed	  and	  the	  straw	  stack	  is	  cut	  along	  one	  side	  or	  face	  and	  tied	  with	  some	  kind	  of	  string	  or	  twine.	  	  The	  cutting	  process	  creates	  an	  end	  known	  as	  the	  cut	  face,	  which	  is,	  exposed	  straw	  ends.	  	  The	  opposite	  face	  is	  called	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the	  folded	  face.	  	  When	  the	  bale	  is	  laid	  on	  its	  side,	  with	  the	  straw	  running	  parallel	  to	  the	  ground,	  it	  is	  called	  lying	  “flat”.	  If	  the	  bale	  is	  sitting	  with	  the	  straw	  running	  perpendicular	  to	  the	  ground,	  it	  is	  called	  “on	  edge”	  as	  shown	  in	  figure	  24	  (Lacinski	  and	  Bergeron	  2000,	  8).	  In	  general,	  bales	  whose	  straw	  is	  perpendicular	  to	  the	  heat	  flow	  yield	  lower	  thermal	  conductivity	  values	  than	  those	  laid	  on	  edge.	  	  
	   	  
Figure	  24.	  	  Higher	  thermal	  conductivity	  lying	  flat	  (left),	  lower	  thermal	  conductivity	  on	  
edge	  (right).	  	  (Illustration	  by	  Kitrina	  Stratton)	  
	  
	  
	  
	  	   There	  are	  at	  least	  five	  qualities	  that	  need	  to	  be	  considered	  when	  using	  straw	  bale	  for	  construction	  purposes.	  	  They	  are	  moisture	  content,	  density,	  history	  of	  the	  bales,	  fiber	  length,	  and	  that	  it	  is	  straw,	  not	  hay,	  (which	  was	  discussed	  in	  section	  3.2.1).	  	  Moisture	  content	  will	  be	  discussed	  in	  detail	  in	  section	  3.7.	  	  	  	   Density	  is	  important	  as	  it	  determines	  how	  strong	  the	  bales	  will	  be	  when	  others	  are	  stacked	  on	  it.	  The	  density	  should	  be	  around	  7	  lbs.	  per	  cubic	  foot	  and	  be	  tightly	  bound.	  Since	  the	  baler	  is	  not	  exact,	  each	  bale	  is	  different	  from	  the	  next	  one.	  Density	  is	  somewhat	  of	  a	  moving	  target	  (King	  2013).	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   In	  the	  latest	  research	  it	  was	  found	  that	  builders	  using	  poor	  to	  average	  quality	  bales	  achieved	  adequate	  compressive	  strength	  and	  that	  trying	  to	  find	  exceptional	  bales	  is	  not	  as	  important	  as	  previously	  thought	  (MacDougall	  2008).	  A	  compressive	  load-­‐bearing	  wall	  (Nebraska	  style)	  predictive	  model	  was	  created	  so	  that	  builders	  can	  verify	  their	  structural	  designs	  in	  places	  where	  local	  building	  codes	  have	  not	  yet	  been	  instituted	  (Vardy	  and	  MacDougall	  2013).	  	  	   Another	  important	  aspect	  when	  using	  straw	  bales	  is	  to	  insure	  that	  they	  have	  not	  been	  made	  or	  stored	  improperly	  and	  to	  make	  sure	  they	  do	  not	  exhibit	  any	  signs	  of	  moisture	  penetration.	  	  This	  will	  show	  up	  as	  graying	  or	  blackish	  straw,	  which	  could	  have	  mold	  spores.	  Bales	  that	  show	  these	  signs	  should	  be	  discarded	  (King,	  2006).	  	   Fiber	  length	  can	  vary	  depending	  on	  the	  type	  of	  baler	  used.	  	  The	  fibers	  should	  be	  long	  instead	  of	  chopped	  for	  better	  structural	  strength.	  A	  good	  length	  is	  16”-­‐	  18”	  with	  the	  minimum	  being	  6”	  (Jones	  2009,	  40).	  	  
3.4	  STRAW	  BALE	  CONSTRUCTION	  
3.4.1	  Structure	  	   There	  are	  essential	  components	  to	  all	  straw	  bale	  structure	  no	  matter	  what	  construction	  method	  is	  being	  used	  (Figure	  13).	  The	  other	  factors	  affecting	  the	  durability	  and	  methods	  used	  for	  any	  straw	  bale	  house	  depend	  on	  the	  following:	  the	  species	  of	  straw,	  fungicide	  application,	  way	  of	  baling,	  handling	  and	  storing	  before	  delivery	  (all	  discussed	  in	  the	  previous	  section),	  transportation	  means	  and	  delivery,	  storage	  and	  handling	  during	  construction,	  construction	  method	  and	  way	  of	  stacking	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the	  bales,	  the	  attention	  to	  details	  during	  the	  construction	  process,	  choice	  of	  straw	  bale	  wall	  surface	  treatments,	  humidity,	  temperature	  and	  time,	  and	  owner	  occupancy	  maintenance	  and	  treatments	  (Wihan	  2007).	  	  
	  
Figure	  25.	  The	  essential	  components	  of	  a	  straw	  bale	  wall.	  (Structure	  
Magazine,	  David	  Mar)	  	  	   There	  are	  three	  major	  types	  of	  straw	  bale	  houses	  with	  variations	  within	  each	  type:	  1)	  Post	  and	  beam	  construction,	  where	  the	  bales	  are	  used	  as	  infill	  and	  do	  not	  play	  a	  structural	  role,	  2)	  Modified	  post	  and	  beam,	  where	  the	  framing	  for	  windows	  and	  doors	  also	  supports	  the	  roof	  structure	  and	  3)	  Load	  bearing	  (Nebraska	  style),	  where	  the	  stucco/plastered	  bale	  walls	  support	  the	  roof,	  without	  any	  additional	  framing	  (Kwok	  and	  Grondzik	  2011).	  	   A	  post	  and	  beam	  structure	  is	  usually	  required	  for	  larger	  and	  taller	  buildings	  so	  the	  roof	  loads	  can	  be	  carried	  by	  the	  post	  and	  beam	  structure	  rather	  than	  by	  the	  straw	  bale	  wall	  assembly.	  This	  method	  is	  also	  good	  when	  one	  needs	  to	  keep	  the	  bales	  dry	  during	  construction,	  as	  the	  roof	  can	  be	  finished	  and	  used	  to	  provide	  a	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protective	  environment	  before	  the	  straw	  bales	  are	  delivered	  to	  the	  site	  (Wanek,	  2003).	  The	  window	  and	  door	  framing	  can	  be	  integrated	  into	  the	  structure	  so	  that	  the	  straw	  bales	  are	  just	  for	  infill.	  	  When	  that	  happens	  it	  becomes	  the	  modified	  post	  and	  beam	  method	  (Figure	  26	  -­‐	  27).	  	  Both	  of	  these	  methods	  add	  more	  expense	  to	  the	  project	  and	  also	  use	  materials	  other	  than	  straw,	  which	  add	  a	  larger	  amount	  of	  embodied	  energy	  to	  the	  project.	  
	  
	   	   Figure	  26.	  	  Good	  example	  of	  a	  post	  and	  beam	  with	  infill.	  	   	  
	   	   (http://glassford.com.au/main/building-­‐menu/walls/post-­‐and-­‐	  
	   	   beam-­‐or-­‐in-­‐fill-­‐walls/pb-­‐08/)	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   Figure	  27.	  	  Modified	  non-­‐load	  bearing	  infill.	  	  
(http://glassford.com.au/main/building-­‐menu/walls/huff-­‐n-­‐puff-­‐	  
	   	   hybrid-­‐method/hybrid-­‐15/)	  	  	   The	  load	  bearing	  wall	  (Nebraska	  style)	  method	  appeals	  to	  many	  people,	  as	  they	  are	  the	  simplest	  structures	  that	  can	  be	  built	  without	  requiring	  a	  professional	  builder	  (Figure	  28).	  	  They	  consist	  of	  basically	  two	  materials,	  straw	  and	  plaster.	  The	  plaster	  becomes	  the	  stressed	  skin	  panel	  and	  the	  assembly	  derives	  its	  strength	  from	  the	  combined	  action	  of	  the	  bales	  and	  stucco/plaster	  finish.	  The	  strength	  of	  this	  system	  is	  dependent	  on	  how	  well	  the	  plaster	  is	  worked	  into	  the	  bales.	  	  The	  plaster	  is	  usually	  applied	  in	  three	  coats;	  the	  first	  being	  a	  thick	  scratch	  coat	  to	  fill	  in	  the	  irregularities	  in	  the	  straw	  and	  to	  make	  sure	  there	  is	  a	  good	  bond,	  the	  second	  being	  a	  smooth	  coat	  to	  even	  out	  the	  wall	  surface	  and	  the	  third	  is	  the	  final	  color	  coat	  that	  is	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thinner	  than	  the	  first	  two.	  	  Once	  the	  coats	  are	  applied,	  the	  plaster/stucco	  needs	  to	  cure	  over	  a	  period	  of	  a	  few	  weeks	  (Wanek	  2003).	  
	  
	  
	   Figure	  28.	  	  This	  is	  an	  example	  of	  a	  loading	  bearing	  structure	  or	  	  
	   Nebraska	  Style.	  (http://glassford.com.au/main/building-­‐
	   menu/walls/load-­‐bearing-­‐walls/)	  
	  
	  
	  	   The	  distinction	  between	  the	  three	  types	  of	  straw	  bale	  construction	  methods	  rests	  on	  whether	  or	  not	  the	  bale	  walls	  are	  structural.	  	  	  The	  load-­‐bearing	  wall	  will	  usually	  perform	  better	  since	  vertical	  load	  on	  a	  wall	  helps	  stabilize	  the	  wall	  from	  overturning.	  The	  biggest	  problem	  with	  this	  method	  is	  when	  you	  need	  to	  build	  the	  roof	  first	  for	  rain	  protection;	  there	  is	  not	  structure	  to	  support	  it	  (Snell	  and	  Callahan	  2009,	  349).	  	   The	  structure	  one	  chooses	  to	  use	  is	  dependent	  on	  what	  normally	  influences	  material	  choices	  in	  architecture;	  function	  of	  the	  building,	  cultural	  and	  social	  sensitivity	  and	  preferences,	  aesthetics,	  seismicity,	  and	  a	  host	  of	  others.	  	  A	  design	  and	  process	  that	  will	  work	  for	  one	  climate	  might	  not	  work	  well	  for	  another.	  	  In	  many	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respects	  the	  requirements	  for	  a	  straw	  bale	  building	  are	  basically	  the	  same	  as	  those	  for	  conventional	  buildings.	  The	  biggest	  differences	  in	  designing	  for	  a	  straw	  bale	  structure	  are	  the	  need	  for	  a	  self-­‐draining	  foundation,	  high	  platforms	  for	  the	  straw	  to	  sit	  on,	  and	  a	  larger	  overhand	  on	  the	  roof	  to	  keep	  any	  rain	  off	  of	  the	  walls	  (Jones	  2009,	  10-­‐11).	  Best	  construction	  practices	  need	  to	  be	  employed,	  no	  matter	  who	  is	  building	  the	  structure,	  just	  as	  any	  conventional	  method.	  	   As	  you	  can	  see	  from	  figure	  29,	  the	  skin	  and	  straw	  bale	  core	  perform	  many	  functions	  as	  a	  unit	  or	  wall	  system	  and	  need	  to	  be	  able	  to	  have	  the	  ability	  to	  perform	  the	  functions	  without	  the	  added	  effects	  of	  a	  poorly	  built	  structure	  due	  to	  a	  foundation	  or	  roof	  issue.	  	  
	  
	  	  	  Figure	  29.	  Typical	  Straw	  Bale	  Wall	  Section	  and	  it	  characteristics	  (Straube,	  2007)	  
	  	  	  	   A	  new	  type	  of	  straw	  bale	  wall	  system	  is	  being	  tested	  and	  used	  in	  parts	  of	  the	  world	  where	  the	  climate	  is	  unpredictable	  and	  keeping	  the	  bales	  dry	  is	  difficult	  (Figure	  30).	  Different	  prefabricated	  wall	  sections	  have	  been	  designed	  in	  England,	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Lithuania,	  Canada,	  and	  the	  United	  States	  so	  that	  they	  can	  be	  constructed	  in	  a	  controlled	  environment	  and	  shipped	  to	  the	  job	  site	  as	  finished	  wall	  sections.	  	  	  
	  	  	  	  	  	   	  	  
	  
	   Figure	  30.	  Prefabricated	  Wall	  Panels	  construction	  and	  delievery	  method.	  	  
	   Left	  is	  a	  ModCell	  Panel,	  in	  the	  Center	  are	  panels	  made	  by	  NatureBuilt	  and	  	  
	   on	  the	  right	  a	  new	  block	  concept	  from	  ASPE.	  
	  
	  
	  
3.4.2	  The	  Skin	  
	  	   	   The	  relationship	  between	  the	  exterior	  and	  interior	  skin	  and	  the	  straw	  bales	  is	  unique	  and	  acts	  together	  for	  part	  of	  the	  strength	  of	  the	  wall	  assembly.	  The	  skin	  becomes	  much	  more	  ductile	  with	  the	  attached	  core	  of	  straw.	  The	  thickness	  of	  the	  layers	  of	  clay	  plasters	  is	  approximately	  anywhere	  between	  1.5–3	  inches	  each.	  	  Testing	  indicates	  that	  the	  effect	  of	  plaster	  thickness	  on	  wall	  strength	  will	  have	  a	  large	  effect	  on	  the	  ultimate	  strength	  of	  the	  wall	  (Table	  22).	  The	  bond	  between	  the	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render	  coating	  and	  bales	  enables	  transfer	  of	  the	  load	  and	  improves	  compression	  resistance	  of	  the	  render	  improving	  the	  overall	  performance	  of	  (Walker	  2004;	  MacDougall,	  2008)	  
	  
	   Table	  22.	  	  Effect	  of	  plaster	  thickness	  on	  plastered	  straw	  bale	  assembly	  strength	  
	   (Vardy	  2009).	  
	  	  	  	   The	  strength	  and	  stiffness	  of	  the	  different	  plaster/stucco	  mixes	  is	  also	  influential	  in	  the	  overall	  strength	  of	  the	  structure	  (Table	  23).	  Its	  reinforcement	  keeps	  the	  plaster	  from	  cracking	  and	  loosing	  its	  strength.	  	  Strength	  is	  determines	  by	  the	  proportions	  of	  dry	  materials,	  like	  sand,	  lime,	  cement,	  and	  clay	  and	  the	  quantity	  of	  water	  added	  to	  the	  dry	  mix	  along	  with	  how	  it	  is	  applied	  (Vardy	  2009).	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   Table	  23.	  	  Effect	  of	  plaster	  stiffness	  and	  strength	  on	  plastered	  straw	  bale	  
	   assembly	  strength	  (Vardy	  2009).	  	  	   The	  other	  factors	  influencing	  the	  structural	  strength	  of	  the	  wall	  assembly	  are	  complex	  and	  depend	  on	  the	  stiffness	  and	  strength	  of	  the	  top	  and	  bottom	  plates,	  the	  skin	  and	  the	  fasteners	  used	  to	  attach	  the	  skin	  and	  reinforcing	  to	  the	  assembly,	  the	  stiffness	  of	  the	  stacked	  bales	  assembly	  as	  a	  whole,	  and	  the	  skill	  that	  goes	  into	  the	  design,	  installation,	  and	  curing	  of	  the	  material	  used	  for	  the	  skin	  (King	  2002;	  Jones	  2009,	  31-­‐35;	  Lacinski	  and	  Bergeron	  2000,	  118-­‐119;	  Vardy	  2009).	  	  
3.5	  PLASTERS	  AND	  REINFORCING	  	   Plaster	  is	  a	  wet-­‐applied,	  mineral-­‐based	  coating	  used	  to	  protect	  and	  finish	  interior	  and	  exterior	  walls.	  Plaster	  works	  well	  as	  a	  coating	  since	  it	  can	  easily	  be	  worked	  into	  all	  of	  the	  irregularities	  of	  the	  straw	  it	  is	  covering.	  It	  can	  be	  made	  of	  a	  variety	  of	  raw	  materials,	  from	  minimally	  processed	  elements	  like	  earth,	  sand,	  and	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straw	  to	  materials	  that	  must	  be	  mined	  and	  fired	  like	  gypsum,	  lime	  or	  cement,	  as	  mentioned	  in	  section	  3.4.2	  (Vardy	  2009).	  	   The	  skin	  plays	  an	  integral	  role	  in	  the	  overall	  performance	  and	  longevity	  of	  straw	  bale	  walls	  systems,	  protecting	  them	  from	  damage,	  precipitation,	  vapor-­‐laden	  air	  infiltration,	  fire,	  and	  pests	  (King	  2002).	  These	  skins	  can	  also	  help	  with	  structural	  loads,	  both	  vertical	  and	  horizontal	  loads	  as	  mentioned	  in	  section	  3.4.2	  (Vardy	  2009).	  	   One	  of	  the	  biggest	  roles	  in	  the	  outside/inside	  stucco/plaster	  skins	  is	  the	  added	  thermal	  performance	  they	  provide.	  	  The	  skin	  becomes	  a	  thermal	  mass	  to	  the	  interior	  and	  exterior	  surfaces	  of	  the	  wall	  and	  the	  relationship	  between	  thermal	  mass	  and	  thermal	  storage	  is	  integral	  in	  straw	  bale	  construction.	  Without	  this	  skin,	  the	  straw	  bale	  wall	  looses	  much	  of	  these	  performance	  characteristics	  and	  R-­‐Values	  can	  drop	  significantly	  (King	  2006).	  	   	  
3.6	  SEISMIC	  PERFORMANCE	  	  	   In	  response	  to	  improving	  building	  performance	  in	  earthquake	  zones	  the	  University	  of	  Nevada	  Reno	  and	  Pakistan	  Straw	  Bale	  and	  Appropriate	  Building	  (PAKSBAB)	  built	  four	  different	  wall	  types	  in	  a	  small	  14’	  x	  14’	  x	  10’	  structure	  and	  then	  and	  shake-­‐table	  tested	  them.	  These	  prototypes	  where	  built	  with	  simple	  methods	  and	  materials	  similar	  to	  what	  local	  people	  would	  use.	  This	  was	  the	  main	  consideration	  for	  using	  a	  straw	  bale	  wall	  with	  different	  skins	  (Figure	  31).	  	   A	  preliminary	  assessment	  of	  a	  modified	  straw	  bale	  wall	  system	  showed	  a	  definite	  improvement	  over	  current	  building	  practices.	  The	  straw	  bales,	  plaster	  skins	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and	  fishing	  net	  reinforcement1	  worked	  together	  as	  a	  low-­‐tech	  composite	  sandwich	  panel,	  with	  overall	  system	  properties	  superior	  to	  the	  sum	  of	  the	  individual	  constituent	  materials.	  The	  plaster	  skins	  were	  the	  stiffest	  elements,	  providing	  compressive	  strength	  and	  transmitting	  the	  loads	  to	  the	  foundation.	  The	  plaster	  skins	  were	  bonded	  to	  the	  straw	  bale	  core,	  which	  helped	  to	  restrain	  them	  from	  buckling.	  As	  the	  plaster	  cracked,	  it	  absorbed	  and	  dampened	  some	  of	  the	  injected	  energy.	  Once	  the	  plaster	  was	  significantly	  damaged,	  the	  straw	  bale	  core	  acted	  as	  a	  backup	  mechanism	  and	  helped	  to	  resist	  the	  vertical	  and	  lateral	  loads.	  The	  fishing	  net	  provided	  overall	  tensile	  strength,	  ductility	  and	  provided	  shear	  and	  overturning	  resistance	  at	  the	  foundation	  and	  wall	  interface	  allowing	  the	  building	  to	  displace	  a	  little	  and	  it	  would	  then	  pull	  it	  back	  to	  its	  original	  position	  (Donovan	  et	  al	  2009).	  	  
	  
Figure	  31.	  Actual	  seismic	  test,	  straw	  bale	  structure	  at	  University	  of	  Nevada	  Reno.	  
(http://nees.unr.edu/projects/straw-­‐house)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  The	  fishing	  net	  was	  made	  in	  a	  Pakistan	  village	  and	  was	  the	  type	  used	  in	  the	  local	  fishing	  villages.	  	  This	  was	  used	  to	  duplicate	  the	  exact	  materials	  that	  would	  be	  used	  in	  the	  local	  area	  so	  that	  the	  information	  from	  the	  testing	  of	  the	  prototype	  would	  be	  very	  similar	  to	  real	  world	  results	  in	  the	  field.	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3.7	  	  MOISTURE	  AND	  DURABILITY	  
	   Time,	  temperature,	  oxygen	  and	  relative	  humidity	  are	  the	  most	  important	  variables	  affecting	  durability	  of	  straw	  bales.	  For	  decay	  and	  mold	  growth	  to	  occur	  in	  straw,	  high	  levels	  of	  humidity	  or	  significant	  moisture	  saturation	  are	  needed	  in	  or	  around	  the	  straw	  for	  extended	  periods	  of	  time.	  	  It	  is	  for	  these	  reasons	  that	  relative	  humidity	  and	  any	  wetting	  scenarios	  need	  to	  be	  controlled	  around	  the	  bales,	  before,	  during	  and	  after	  installation	  (King,	  2006;	  Summers	  et	  al	  2003).	  One	  of	  the	  key	  questions	  for	  straw	  bale	  builders	  is	  “How	  much	  moisture	  is	  too	  much?”	  	  Studies	  show	  that	  only	  straw	  with	  moisture	  content	  above	  40%	  on	  a	  dry	  weight	  basis2	  and	  28%	  on	  a	  wet	  weight	  basis3,	  supported	  significant	  mold	  growth.	  This	  corresponds	  to	  a	  water	  activity	  of	  1.0,	  meaning	  the	  straw	  fiber	  is	  saturated	  and	  additional	  free	  moisture	  builds	  up	  on	  the	  straw	  surfaces.	  This	  suggests	  that	  straw	  should	  be	  able	  to	  withstand	  fairly	  high	  relative	  humidity	  without	  significant	  decomposition.	  Additionally,	  it	  appears	  that	  straw	  can	  tolerate	  higher	  moisture	  contents	  than	  15%	  although,	  on	  a	  practical	  level,	  moisture	  can	  migrate	  and	  condense,	  and	  bulk	  moisture	  content	  is	  never	  uniform	  throughout	  a	  bale.	  Bulk	  moisture	  levels	  of	  greater	  than	  25%	  dry	  basis	  (20%	  wet	  basis)	  should	  be	  avoided	  to	  give	  a	  margin	  of	  safety	  (Summer	  et	  al	  2003).	  	   An	  investigation	  in	  the	  United	  Kingdom	  and	  Ireland	  on	  samples	  of	  straw	  has	  shown	  that	  the	  borderline	  of	  relative	  humidity	  for	  significant	  decomposition	  to	  begin	  needs	  to	  be	  around	  98%.	  This	  borderline	  correlates	  to	  locations	  around	  the	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2	  	  Dry	  weight	  basis	  means	  that	  the	  weight	  of	  water	  in	  the	  bale	  should	  not	  exceed	  the	  percentage	  of	  the	  weight	  of	  the	  same	  bale	  if	  it	  was	  thoroughly	  dried.	  3	  Wet	  weight	  basis	  means	  that	  the	  weight	  of	  water	  in	  the	  bale	  should	  not	  be	  more	  than	  the	  percentage	  of	  the	  weight	  of	  the	  same	  bale	  when	  wet.	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world	  that	  have	  extremely	  high	  relative	  humidity	  or	  with	  rainy	  climates	  (Jones,	  2009).	  It	  is	  highly	  suggested	  to	  use	  a	  benchmark	  of	  84%	  RH,	  and	  if	  this	  RH	  is	  maintained	  over	  a	  period	  of	  time,	  there	  might	  be	  some	  problems.	  	  Steps	  should	  be	  taken	  to	  increase	  air	  movement	  around	  the	  walls	  to	  start	  the	  drying	  process,	  drawing	  moisture	  out	  of	  the	  inside	  through	  the	  plaster	  skin.	  	  Straw	  will	  dry	  quickly	  once	  the	  source	  of	  water	  has	  been	  removed	  and	  good	  ventilation	  is	  applied.	  	  Even	  if	  mold	  growth	  has	  occurred	  it	  will	  stop	  and	  the	  straw	  will	  become	  healthy	  again	  once	  it	  has	  dried	  out	  (Jones	  2009).	  	   Along	  with	  humidity	  levels,	  moisture	  content	  is	  just	  as	  important	  for	  controlling	  the	  decaying	  process.	  Since	  moisture	  affects	  straw	  in	  unique	  ways,	  particular	  attention	  needs	  to	  be	  paid	  when	  building	  in	  any	  climate	  where	  there	  is	  going	  to	  be	  high	  moisture	  and/or	  rain	  at	  any	  time.	  	  Once	  cut	  and	  baled,	  specifying	  the	  storage	  and	  delivery	  requirements	  is	  necessary	  to	  insure	  bales	  arrive	  in	  a	  dry	  condition.	  	  Once	  they	  arrive	  on	  site,	  continued	  protection	  is	  necessary.	  	  This	  is	  the	  reason	  the	  roof	  should	  be	  the	  first	  thing	  constructed	  if	  located	  in	  a	  possible	  wet/very	  humid	  climate.	  	  It	  can	  be	  used	  to	  set	  the	  bales	  under	  and	  keep	  them	  dry	  while	  they	  are	  set	  into	  place	  and	  plastered.	  	  Once	  the	  straw	  is	  assembled	  in	  the	  wall,	  using	  best	  practices,	  the	  overall	  building	  structure	  should	  be	  enough	  to	  prevent	  damaging	  rain/moisture	  (Wihan	  2007).	  	   	  However,	  there	  are	  other	  ways	  in	  which	  wetting	  can	  occur	  in	  the	  bales	  besides	  rain:	  another	  moisture	  source,	  a	  route	  for	  it	  to	  travel	  into	  the	  bales	  or	  a	  driving	  force	  that	  causes	  moisture	  movement	  (Figure	  32).	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  Figure	  32.	  Different	  ways	  water	  can	  penetrate	  the	  skin	  of	  straw	  bale	  wall	  system	  	  	  	  	  	  	  	  	  	  	  	  	  	  (http://continuingeducation.construction.com/article_print.php?L=51&C=201)	  	  	  	  	  	   The	  best	  way	  to	  control	  these	  problems	  is	  through	  some	  kind	  of	  system/material	  specification	  and	  moisture	  management	  techniques	  that	  create	  a	  balance	  between	  the	  amount	  of	  wetting	  and	  drying	  over	  time	  (Allen	  and	  Iano	  790).	  	   Proper	  vapor	  permeable	  plaster	  and	  finish	  systems,	  large	  overhands	  to	  protect	  the	  wall	  from	  leaks,	  possible	  rains	  screens,	  lifting	  the	  bales	  from	  the	  foundation	  higher	  than	  conventional	  construction,	  possible	  waterproofing	  under	  bale	  foot,	  good	  ventilation,	  and	  keeping	  the	  plaster/	  stucco	  walls	  in	  good	  repair	  are	  the	  basics	  for	  best	  practice	  methods	  (Figure	  33).	  The	  plaster	  is	  used	  as	  a	  protective	  coating	  against	  moisture	  and	  at	  the	  same	  time	  acts	  as	  a	  breathable	  skin	  to	  allow	  movement	  of	  air	  through	  the	  wall	  that	  helps	  keep	  the	  bales	  dry.	  	  If	  the	  plaster	  or	  render	  is	  not	  permeable	  enough,	  it	  can	  lead	  to	  an	  unventilated	  atmosphere	  around	  the	  straw	  which	  then	  could	  lead	  to	  dampness	  problems	  in	  the	  long	  term	  (Jones	  2009).	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   WETTING	  	   	   	   	   	   DRYING	  	  
	  	  	  	   	  	  
Figure	  33.	  Wetting	  mechanisms	  (left)	  and	  (right)	  drying	  mechanism	  in	  strawbale	  walls	  
(buildingscience.com)	  
	  
	  
	   The	  correct	  permeability	  allows	  for	  movement	  of	  oxygenated	  air	  through	  the	  wall	  assembly.	  This	  is	  achieved	  with	  the	  use	  of	  lime	  in	  the	  skin	  mixture	  because	  lime	  has	  a	  dramatic	  effect	  on	  vapor	  permanence.	  Lime	  content	  also	  adds	  to	  the	  absorbency	  of	  the	  skin	  so	  a	  balance	  of	  permeability	  and	  absorption	  depends	  on	  geographic	  location	  of	  the	  building	  and	  needs	  to	  be	  thoroughly	  considered	  (Straube,	  2007).	  In	  an	  area	  with	  heating	  degree	  days	  from	  6,000	  to	  10,000	  (northern	  Minnesota)	  a	  permeability	  rating	  of	  no	  less	  than	  4	  is	  required	  for	  the	  interior	  walls	  and	  the	  exterior	  should	  be	  at	  least	  3	  times	  higher	  for	  proper	  breathability	  (Lacinski	  and	  Bergeron,	  2000).	  Table	  23	  shows	  different	  permeability	  ratings	  from	  a	  cement/sand	  mixture	  to	  a	  lime/sand	  mixture.	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Table	  24.	  The	  influence	  of	  lime	  content	  on	  vapor	  permeability	  (Straube	  2007).	  
	  
	  
	  
	  	   Oxygen	  is	  one	  of	  the	  other	  variables	  needed	  for	  decay.	  	  While	  studying	  the	  inside	  of	  a	  straw	  bale	  wall	  Summers	  et	  al.	  (2003)	  found	  that	  the	  available	  oxygen	  with	  the	  wall	  was	  quickly	  used	  up	  and	  replaced	  with	  carbon	  dioxide.	  	  
	   Past	  authors	  have	  criticized	  straw	  bale	  construction	  because	  of	  the	  failure	  of	  the	  walls	  from	  moisture	  issues	  to	  cracking	  and	  crumbling	  walls.	  Because	  straw	  bale	  structures	  have	  been	  and	  continue	  to	  be	  done	  by	  amateur	  builders,	  problems	  can	  easily	  develop	  that	  will	  contribute	  to	  decay.	  Inappropriate	  construction	  methods	  and	  lack	  of	  attention	  to	  details	  will	  harm	  any	  method	  of	  construction	  and	  should	  be	  taken	  into	  consideration	  when	  evaluating	  any	  bale	  structure.	  Attention	  to	  the	  details	  where	  moisture	  is	  likely	  to	  do	  damage	  is	  imperative	  while	  using	  best	  practices	  as	  would	  be	  used	  in	  any	  construction	  project.	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3.8	  ENERGY	  USE	  
	   Typical	  straw	  bale	  wall	  assemblies	  are	  characterized	  by	  R-­‐values	  ranging	  between	  R35	  –	  R50.	  	  The	  most	  definitive	  tests	  were	  done	  at	  Oak	  Ridge	  National	  Laboratories.	  The	  researchers	  determined	  a	  plastered	  straw	  bale	  wall	  to	  average	  R-­‐1.45	  per	  inch.	  Bales	  laid	  on	  edge	  (fibers	  perpendicular	  to	  floor)	  had	  a	  higher	  R-­‐value	  than	  bales	  laid	  flat	  (parallel	  to	  ground).	  The	  net	  result	  was	  a	  24”	  bale	  laid	  flat	  in	  the	  wall	  had	  the	  same	  R-­‐value	  as	  a	  16”	  bale	  on	  edge	  (ORNL	  2004).	  	   The	  wall	  thickness	  is	  usually	  14”	  or	  greater,	  providing	  a	  substantially	  insulated	  high	  mass	  envelope.	  	  Straw	  bale	  wall	  systems	  can	  be	  considered	  thermal	  storage	  units,	  a	  symbiotic	  relationship	  between	  the	  straw	  bale,	  as	  the	  storage	  device,	  and	  the	  plaster,	  as	  the	  storage	  collector,	  seems	  to	  exist	  whereas,	  the	  ability	  for	  the	  wall	  to	  ”breath”	  and	  adapt	  to	  the	  internal	  and	  external	  environment	  seems	  to	  be	  how	  it	  balances	  itself.	  If	  this	  relationship	  does	  not	  exist,	  R-­‐values	  appear	  to	  fall	  short	  of	  expectations.	  The	  straw	  bale	  wall	  as	  a	  high	  mass	  envelope	  system	  is	  important	  for	  producing	  thermal	  lag	  time	  (the	  time	  it	  takes	  for	  a	  pulse	  of	  heat	  to	  travel	  through	  a	  wall)	  (ORNL	  2004).	  	  	   Not	  only	  are	  straw	  bale	  walls	  highly	  insulating,	  a	  typical	  structure	  has	  far	  fewer	  broken	  surfaces	  in	  the	  building	  envelope.	  In	  a	  traditional	  framed	  wall	  the	  space	  between	  the	  studs	  might	  be	  insulated	  to	  a	  high	  R-­‐	  value	  but	  the	  studs	  only	  offer	  R-­‐1	  per	  inch	  so	  the	  thermal	  efficiency	  is	  decreased	  where	  the	  studs	  occupy	  space.	  	  Concurrently,	  in	  a	  bale	  wall,	  the	  stacking	  method	  alternates	  with	  each	  row,	  so	  there	  are	  basically	  no	  seams	  for	  air	  infiltration.	  	  Where	  conventional	  walls	  join	  one	  another,	  there	  are	  also	  opportunities	  for	  infiltration	  (Magwood	  and	  Mack	  2000).	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Increasing	  air	  tightness	  in	  the	  building	  envelope	  seems	  to	  provide	  the	  highest	  average	  technology	  ranking	  in	  the	  optimal	  deployment	  of	  energy	  efficient	  building	  envelope	  systems	  (Shanks	  et	  al	  2006).	  This	  makes	  the	  overall	  bale	  wall	  system	  even	  more	  impactful	  on	  energy	  efficiency	  since	  it	  provides	  not	  only	  high	  insulation	  values	  and	  considerable	  thermal	  lag,	  but	  it	  also	  increases	  the	  building	  envelope	  tightness.	  That	  is	  why	  the	  Oak	  Ridge	  National	  Laboratories	  (ORNL)	  has	  established	  a	  system	  to	  rate	  the	  whole-­‐wall	  R-­‐value.	  	  It	  is	  the	  R-­‐value	  estimation	  for	  the	  whole	  opaque	  wall	  including	  the	  thermal	  performance	  of	  not	  only	  the	  "clear	  wall"	  area,	  with	  insulation	  and	  structural	  elements,	  but	  also	  typical	  envelope	  interface	  details,	  including	  wall	  to	  wall	  corners,	  wall	  to	  roof,	  wall	  to	  floor,	  wall	  to	  door,	  and	  wall	  to	  window	  connections	  (ORNL	  2004).	  	  This	  benefits	  straw	  bale	  construction	  over	  conventional	  construction	  systems.	  	  	   A	  study	  of	  the	  Real	  Goods	  Solar	  Living	  Center	  showed	  that	  the	  straw	  bale	  walls	  working	  as	  thermal	  mass.4	  Carter	  et	  al	  (1996)	  measured	  and	  compared	  outside	  surface	  temperatures	  between	  walls	  and	  found	  they	  tracked	  each	  other	  closely	  and	  the	  inside	  surface	  temperatures	  tracked	  each	  other	  also.	  Seven	  temperature	  sensors	  were	  placed	  in	  or	  on	  the	  surface	  of	  the	  walls	  and	  shown	  in	  Table	  25	  are	  the	  results	  of	  the	  three	  temperature	  sensors	  placed	  on	  the	  truth	  wall	  along	  with	  inside	  and	  outside	  air	  temperatures.5	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4	  The	  walls	  are	  2’	  thick	  rice	  bales	  covered	  with	  3”	  of	  plaster/stucco	  	  5	  The	  steps	  particularly	  noticeable	  in	  the	  internal	  wall	  temperature	  line	  are	  due	  to	  the	  0.3°C	  resolution	  of	  the	  data	  loggers.	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Table	  25.	  Temperatures	  showing	  characteristics	  of	  a	  thermally	  massive	  wall	  (Carter	  et	  al	  
1996)	  
	  
	  
	  
	   	   There	  was	  approximately	  a	  twelve-­‐hour	  lag	  time	  with	  the	  outdoor	  ambient	  temperature	  and	  the	  inside	  surface	  temperature	  of	  the	  wall	  had	  a	  two	  hour	  lag	  in	  relation	  to	  the	  peak	  interior	  space	  temperature.	  The	  combined	  use	  of	  plaster/stucco	  on	  the	  straw	  bales	  seems	  to	  work	  in	  unison	  as	  a	  collector/storage	  wall	  system.	  Both	  the	  thickness	  and	  thermal	  mass	  of	  the	  wall	  act	  to	  protect	  the	  interior	  temperature	  from	  the	  daily	  outside	  temperature	  swings	  which	  affects	  thermal	  comfort	  in	  a	  positive	  manner	  (Carter	  et	  al	  1996).	  	  	  	   This	  was	  also	  the	  conclusion	  of	  a	  study	  of	  different	  wall	  systems	  built	  in	  the	  tropical	  environment	  of	  Sri	  Lanka.	  	  Thermal	  performance	  was	  found	  to	  be	  much	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better	  than	  other	  common	  wall	  materials	  and	  systems	  in	  providing	  thermal	  comfort	  even	  in	  a	  tropical	  and	  very	  humid	  environment	  (Chamila	  and	  Halwatura	  2012).	  
	   A	  solar	  ecohouse	  was	  built	  in	  Lithuania	  for	  the	  sole	  purpose	  of	  evaluating	  the	  possibilities	  to	  use	  direct	  solar	  energy	  to	  reduce	  heating	  needs.	  	  Heating	  degree-­‐days	  (HDD)	  in	  the	  area	  the	  house	  is	  built	  is	  around	  7700	  ˚F	  with	  only	  around	  200	  ˚F	  cooling	  degree-­‐days	  (CDD).	  	  The	  ecohouse	  was	  not	  inhabited	  during	  the	  testing	  period	  and	  monitoring	  results	  showed	  that	  solar	  energy	  gains	  were	  significant	  for	  heating	  the	  house	  and	  for	  reducing	  the	  environmental	  impact	  of	  heat	  production.	  The	  total	  reduction	  of	  HDD	  due	  to	  solar	  gains	  was	  52%	  (Milutiene	  et	  al	  2012).	  
	  
	  
3.9	  SUSTAINABLITY/RENEWABLE/EMBODIED	  ENERGY/CO2	  ISSUES	  	  	   Architecture	  2030	  is	  a	  non-­‐profit,	  non-­‐partisan,	  and	  independent	  organization	  established	  by	  Edward	  Mazria	  in	  response	  to	  the	  climate	  change	  crisis	  and	  the	  building	  industries	  impact	  on	  that	  crisis.	  Their	  mission	  is	  to	  rapidly	  transform	  the	  built	  environment	  from	  the	  major	  contributor	  of	  greenhouse	  gas	  (GHG)	  emissions	  to	  be	  a	  major	  focal	  point	  for	  the	  solution	  to	  the	  climate	  and	  energy	  crises	  (Architecture	  2030	  2011).	  The	  use	  of	  straw	  bale	  construction	  responds	  directly	  and	  indirectly	  to	  the	  Architecture	  2030	  Challenge	  initiatives.	  	  	  	  	   The	  five	  environmental	  problems	  that	  concern	  most	  building	  and	  science	  researchers	  who	  compare	  conventional	  building	  materials	  and	  processes	  with	  straw	  bale	  construction	  (and	  other	  alternative	  methods)	  are	  total	  embodied	  energy,	  raw	  material	  consumption,	  recycling	  or	  reclaim-­‐ability	  of	  the	  resource,	  effects	  on	  occupants	  of	  the	  resource/building,	  and	  the	  influence	  on	  energy	  consumption	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(Edminster	  1995).	  Using	  these	  five	  environmental	  issues,	  below	  is	  a	  summary	  of	  the	  conditions	  produced	  by	  straw	  bale	  construction.	  	   It	  only	  takes	  one	  season	  to	  produce	  straw	  waste	  for	  the	  bales.	  	  In	  the	  United	  States	  alone,	  if	  half	  of	  that	  waste	  is	  used	  for	  residential	  construction,	  it	  would	  build	  over	  10	  million,	  2,000f2	  homes	  a	  year	  (GreenBuilding.com	  2012).	  	  Straw	  bale	  waste	  is	  widely	  available	  in	  most	  parts	  of	  Canada	  and	  in	  rural	  areas	  where	  housing	  is	  needed	  most;	  the	  straw	  is	  mainly	  produced	  locally,	  saving	  on	  transportation	  costs	  (Offin	  2010).	  The	  United	  Kingdom	  has	  enough	  locally	  produced	  surplus	  straw	  to	  be	  able	  to	  build	  at	  least	  420,000	  highly	  efficient	  houses	  per	  year	  (Jones	  2009,	  13).	  	  	   The	  energy	  consumed	  in	  the	  building	  of	  a	  house	  using	  materials	  available	  on	  site	  or	  locally	  produced	  can	  decrease	  the	  amount	  of	  energy	  used	  by	  up	  to	  215%,	  with	  the	  impact	  of	  decreasing	  transportation	  needs	  by	  453%	  (Morel	  et	  al	  2001).	  	   Building	  with	  straw	  waste	  is	  a	  valuable	  benefit	  in	  and	  by	  itself	  and	  with	  the	  added	  benefit	  that	  these	  homes	  would	  also	  have	  vastly	  reduced	  heating	  requirements	  is	  not	  only	  the	  icing	  on	  the	  cake,	  but	  a	  benefit	  for	  increased	  usage.	  	  	  All	  in	  all,	  this	  type	  of	  construction	  method	  produces	  a	  net	  decrease	  in	  greenhouse	  gas	  emission	  resulting	  in	  a	  negative	  carbon	  footprint	  (Jones	  2009,	  21).	  
	   The	  Canada	  Mortgage	  and	  Housing	  Corporation	  was	  interested	  in	  the	  claim	  that	  straw	  bale	  structures	  used	  less	  wood	  than	  conventional	  timber	  framing	  construction	  and	  commissioned	  a	  study	  project	  to	  verify	  this	  claim	  (CMHC	  2002).	  	  The	  study	  has	  shown	  an	  interest	  in	  this	  method	  of	  construction	  since	  it	  appears	  to	  be	  a	  viable	  alternative	  to	  provide	  affordable	  housing,	  not	  only	  for	  indigenous	  peoples,	  but	  also	  to	  others	  needing	  affordable	  housing.	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   The	  Ontario	  house	  tested	  had	  load-­‐bearing,	  plastered	  straw	  bale	  walls	  (or	  Nebraska	  style).	  The	  structure	  contains	  the	  least	  amount	  of	  wood	  possible	  and	  has	  the	  potential	  for	  the	  greatest	  savings.	  	  The	  builder	  kept	  track	  of	  all	  the	  wood	  used	  to	  build	  his	  straw	  bale	  structure,	  minus	  the	  wood	  for	  the	  forms	  (reused	  by	  contractor)	  and	  any	  finishing	  material,	  as	  it	  would	  be	  the	  same	  for	  the	  conventional	  house.	  The	  builder	  figured	  out	  what	  the	  wood	  usage	  would	  be	  for	  a	  conventional	  house	  using	  2	  x	  6	  wall	  construction	  with	  OSB	  on	  the	  outside	  and	  drywall	  on	  the	  inside.	  The	  roofs	  were	  similar	  materials	  even	  though	  the	  straw	  bale	  house	  had	  larger	  overhangs	  to	  protect	  the	  stucco	  walls	  on	  the	  exterior.	  	  The	  comparison	  showed	  that	  stick	  built	  construction	  would	  have	  used	  50%	  more	  wood	  than	  the	  straw	  bale	  house.	  	  In	  the	  straw	  bale	  house,	  60%	  of	  the	  wood	  was	  for	  the	  roof	  where	  only	  36%	  of	  the	  wood	  used	  in	  the	  conventional	  structure	  was	  for	  the	  roof	  (CMHC	  2002).	  The	  study	  suggests	  that	  more	  savings	  can	  be	  achieved	  by	  building	  up	  rather	  than	  out	  since	  the	  lumber	  used	  for	  the	  roof	  would	  stay	  the	  same	  while	  adding	  square	  footage.	  	   In	  summary	  the	  CO2	  reductions	  from	  using	  straw	  bale	  and	  timber	  represent	  actual	  sequestration.	  The	  CO2	  reductions	  from	  reduced	  operating	  energy	  only	  represent	  avoided	  emissions	  from	  the	  national	  grid.	  However,	  the	  ongoing	  sequestration	  of	  CO2	  from	  using	  straw	  bale	  and	  timber	  remains.	  Straw	  bale	  and	  timber	  represent	  a	  major	  opportunity	  to	  reduce	  annual	  CO2	  emissions	  from	  housing	  construction	  and	  operation.	  The	  use	  of	  straw	  bale	  construction	  should	  be	  a	  first	  choice	  method	  and	  at	  the	  forefront	  of	  attempts	  to	  reduce	  construction	  and	  maintenance	  CO2	  emissions.	  	  By	  using	  straw	  bale	  and	  timber	  to	  sequester	  CO2,	  in	  combination	  with	  technologies	  to	  reduce	  the	  use	  of	  grid	  energy,	  houses	  can	  be	  made	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to	  be	  net	  absorbers	  of	  CO2,	  achieving	  an	  essential	  feature	  of	  sustainability	  (CMHC	  2002).	  	   The	  production	  of	  building	  materials	  is	  the	  principal	  source	  of	  CO2	  in	  the	  world	  (Alcon	  and	  Donn	  2010).	  The	  Centre	  for	  Building	  Performance	  Research	  in	  New	  Zealand	  performed	  a	  research	  study	  to	  determine	  the	  embodied	  CO2	  values	  for	  different	  insulation	  types	  in	  the	  New	  Zealand	  building	  industry	  so	  that	  the	  environmental	  impact	  of	  each	  could	  be	  more	  deeply	  understood	  (Table	  25).	  	  
	   	  
	   Table	  26.	  Using	  straw	  bales	  for	  construction	  can	  have	  a	  positive	  effect	  on	  the	  
	   environment	  (Wihan	  2007)	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   As	  figure	  34	  shows,	  some	  construction	  materials	  can	  sequester	  carbon,	  balancing	  emissions	  and	  operating	  energy	  apart	  from	  other	  materials	  (Alcorn	  and	  Donn	  2010).	  By	  using	  straw	  bale	  and	  timber	  house	  construction,	  CO2’s	  emissions	  can	  be	  reduced	  towards	  net	  zero.	  	  ______________________________________________________________________________________________________	  
Total	  Annual	  Energy	  and	  Net	  CO2-­‐e	  
Emissions	  for	  NZ	  Houses	  	  
Annual	  Energy	  (GJ)	  	  	  	  Annual	  CO2-­‐e	  (kg)	  1.	  Poor	  insulation,	  timber	  frame,	  	  	  	  	  	  concrete	  floor	  	   	  	  	  	  	  46.5	  	   2,287	  	  	  2.	  Current	  code	  insulation,	  timber	  frame,	  	  	  	  	  	  concrete	  floor	  (Standard	  house)	  	   	  	  	  	  	  41.7	  	   2,197	  	  3.	  Current	  code	  insulation,	  timber	  frame,	  	  	  	  	  	  suspended	  timber	  floor	  	   	  	  	  	  	  42.6	  	   2,151	  	  4.	  Better	  practice	  insulation,	  timber	  frame,	  	  	  	  	  	  concrete	  floor	  	   	  	  	  	  	  38.5	  	   2,115	  	  5.	  Best	  practice	  insulation,	  timber	  frame,	  	  	  	  	  concrete	  floor	  	   	  	  	  	  	  41.3	  	   2,252	  	  6.	  Best	  practice	  insulation,	  timber	  frame,	  	  	  	  	  suspended	  timber	  floor	  	   	  	  	  	  	  41.7	  	   2,198	  	  7.	  Best	  practice	  insulation,	  concrete	  walls,	  	  	  	  	  concrete	  floor	  	   	  	  	  	  	  42.1	  	   2,584	  	  8.	  Best	  practice,	  straw	  bale,	  timber	  frame,	  	  	  	  	  concrete	  floor	  	   	  	  	  	  	  37.9	  	   1,903	  	  9.	  Best	  practice,	  straw	  bale,	  timber	  frame,	  	  	  	  	  	  suspended	  timber	  floor	  	  ___________________________________________________	   	  	  	  	  	  36.9	  	   1,707	  	  
Figure	  34.	  Energy	  usage	  and	  CO2	  emissions	  comparisons	  of	  different	  building	  material	  
usage	  in	  homes	  	  (Alcorn	  and	  Donn	  2010).	  
	  
	  
	  	   Alcorn	  and	  Donn	  (2010)	  used	  a	  life	  cycle	  analysis	  of	  different	  house	  designs	  to	  compare	  the	  effectiveness	  of	  straw	  bale	  and	  timber	  construction	  with	  CO2-­‐minimising	  technologies.	  	  Straw	  bale	  and	  timber	  construction	  was	  ranked	  with	  other	  materials,	  other	  energy-­‐producing	  technologies,	  and	  also	  efficient	  appliances	  so	  that	  they	  could	  compare	  the	  CO2	  reductions	  as	  shown	  in	  Figure	  35.	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Figure	  35.	  (Top)	  Insulation	  strategies	  emissions	  and	  reductions	  and	  (bottom)	  selected	  
technologies	  reduction	  impacts	  (Alcorn	  and	  Donn	  2010).	  	  	   The	  results	  showed	  there	  was	  a	  limit	  to	  the	  benefits	  from	  conventional	  insulation,	  while	  a	  straw	  bale	  house	  was	  shown	  to	  continue	  providing	  thermal	  and	  CO2	  sequestration	  benefits	  as	  R-­‐values	  increased.	  A	  timber	  and	  straw	  bale	  constructed	  house	  is	  as	  effective	  at	  reducing	  CO2	  emissions	  by	  about	  half,	  when	  compared	  to	  having	  solar	  hot	  water,	  photovoltaic’s,	  efficient	  appliances,	  and	  efficient	  lighting,	  combined	  (Figure	  35).	  Straw	  bale	  and	  timber,	  using	  all	  emission-­‐reducing	  technologies,	  can	  most	  likely	  make	  houses	  net-­‐absorbers	  of	  CO2	  (Alcorn	  and	  Donn	  2010).	  	   Further,	  a	  house	  designed	  for	  effective	  climate-­‐responsive	  thermal	  performance	  can	  save,	  over	  its	  lifetime,	  many	  times	  its	  embodied	  energy	  in	  reduced	  energy	  demand	  for	  heating	  and	  cooling	  (Edminster	  1995).	  	  A	  study	  done	  by	  Maria	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Offin	  (2010)	  in	  Canada	  set	  out	  to	  provide	  insight	  into	  the	  embodied	  energy	  of	  natural	  building	  materials	  with	  an	  emphasis	  on	  straw	  bale	  structures.	  	  This	  study	  proved	  the	  value	  of	  straw	  bale	  construction	  as	  an	  effective	  low	  impact	  alternative	  because	  the	  embodied	  energy	  of	  the	  straw	  bale	  section	  was	  6	  times	  smaller	  than	  that	  of	  the	  most	  common	  conventional	  construction	  style,	  which	  is	  wood-­‐frame	  with	  brick	  siding	  (Offin	  2010).	  	  
3.10	  RISK	  OF	  FIRE	  
	   “Plastered	  strawbale	  walls	  are	  less	  of	  a	  fire	  risk	  than	  traditional	  timber-­‐framed	  walls”	  (Jones	  2009,	  139).	  When	  looking	  at	  fire	  codes,	  the	  concern	  is	  “Can	  people	  get	  out	  of	  the	  building	  in	  sufficient	  time	  to	  save	  their	  lives?	  not,	  will	  the	  building	  materials	  burn”	  (Hodgekiss	  2013).	  	  Knowing	  that	  fire	  requires	  three	  things,	  high	  temperature,	  fuel,	  and	  oxygen	  we	  will	  look	  at	  a	  typical	  straw	  bale	  wall	  assembly	  for	  that	  answer.	  	  	   	  	  
	  
Figure	  36.	  	  The	  only	  house	  to	  survive	  this	  fire,	  a	  straw	  bale	  structure.	  
(http://www.strawbale.com/straw-­‐bale-­‐fire-­‐resistant-­‐southern-­‐
california/)	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   First	  the	  straw	  is	  compressed,	  reducing	  the	  oxygen’s	  ability	  to	  feed	  the	  fire,	  similar	  to	  heavy	  timber	  structures	  (Figure	  36).	  	  Then	  it	  is	  plastered	  on	  both	  faces.	  This	  makes	  both	  the	  interior	  and	  exterior	  surfaces	  fully	  protected	  with	  a	  coating	  of	  incombustible	  material	  making	  the	  wall	  assembly	  very	  fire-­‐resistive	  (ASTM	  E	  2006).	  	  	  	   	  Plaster	  skins	  protect	  the	  bales	  from	  fire,	  both	  by	  restricting	  the	  airflow	  of	  oxygen	  and	  by	  being	  a	  barrier	  that	  is	  a	  poor	  heat	  conductor	  (ASTM	  E	  2006).	  If	  a	  wall	  is	  “furred	  out”	  with	  studs	  to	  attach	  drywall	  without	  plastering	  the	  straw	  first,	  if	  there	  is	  a	  fire	  the	  resulting	  air	  space	  acts	  like	  a	  chimney	  and	  the	  total	  fire	  performance	  characteristics	  of	  the	  wall	  change.	  	   A	  2000	  fire	  rating	  test	  performed	  in	  Santa	  Fe,	  New	  Mexico	  by	  the	  Fire	  Department	  used	  a	  series	  of	  different	  walls	  systems.	  	  Wall	  types	  included	  both	  plastered	  and	  un-­‐plastered	  straw	  bales,	  conventional	  wood	  stud	  walls	  with	  ½”	  gypsum	  board	  and	  fired	  straw-­‐clay	  blocks.	  	  These	  systems	  were	  placed	  in	  a	  circle	  around	  which	  the	  fire	  was	  set	  with	  paper	  and	  gasoline.	  	  The	  center	  of	  the	  circle	  reached	  2000˚	  F.	  The	  un-­‐plastered	  straw	  bales	  charred	  but	  did	  not	  burn	  and	  collapsed	  after	  30	  minutes.	  	  The	  stud	  walls	  burned	  and	  collapsed	  in	  35	  minutes	  while	  the	  straw-­‐clay	  blocks	  and	  plastered	  straw	  bale	  walls	  remained	  undamaged	  through	  to	  the	  conclusion	  of	  the	  test	  at	  40	  minutes	  (King	  2006,	  174).	  	   Another	  test	  performed	  in	  2002	  in	  Australia	  needed	  to	  simulate	  a	  bushfire,	  which	  they	  experience	  frequently.	  	  Bohdan	  Dorniak	  and	  others	  from	  AUSBALE	  tested	  individual	  plastered	  bales.	  Each	  bale	  was	  subjected	  to	  29	  kWm2	  of	  heat	  intensity.	  	  None	  of	  the	  nine	  plastered	  bales	  ignited	  or	  developed	  visible	  cracks.	  	  This	  qualifies	  them	  for	  a	  non-­‐combustible	  classification	  in	  Australia	  (King	  2006,	  175)	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   A	  2hr	  Fire	  Rating	  test,	  viewable	  on	  Youtube,	  was	  done	  on	  a	  house	  built	  by	  EBNet	  and	  performed	  at	  Intertek	  Testing	  Services	  in	  San	  Antonio,	  Texas	  in	  July	  of	  2006.	  It	  shows	  the	  results	  of	  a	  typical	  fire	  test	  for	  rating	  wall	  systems.	  The	  straw	  bale	  wall	  assembly	  had	  the	  bales	  stacked	  on	  edge	  with	  a	  mesh	  wire	  covering	  for	  the	  1”	  thick	  cement/lime	  plaster	  coating	  on	  two	  sides	  (http://www.youtube.com/watch?v=PjM0yXF7sy8).	  	   As	  can	  be	  seen	  from	  this	  video	  and	  others	  that	  have	  been	  published,	  straw	  bale	  construction	  has	  passed	  all	  the	  fire	  tests	  they	  have	  been	  subjected	  to	  in	  the	  US,	  Canada	  and	  other	  countries,	  including	  passing	  a	  two	  hour	  ASTM	  standard	  E119	  fire	  test	  (described	  above)	  making	  it	  now	  verifiable	  and	  acceptable	  for	  use	  in	  urban	  infill,	  row	  housing,	  commercial	  and	  retail	  and	  educational	  buildings	  (King	  2006,	  176).	  	  
3.11	  ACOUSTICALLY	  INSULATING	  	  
	  
	   Straw	  bale	  walls	  are	  also	  excellent	  sound	  barriers.	  That	  is	  why	  they	  are	  great	  choices	  for	  homes	  in	  loud	  urban	  environments	  where	  ambient	  noise	  is	  distracting	  and	  unhealthy	  (Magwood	  and	  Mack	  2000).	  	  The	  nature	  of	  the	  walls	  provides	  a	  comfortable,	  quiet,	  pleasant	  feeling	  unavailable	  from	  almost	  any	  other	  form	  of	  construction.	  	  I	  know	  this	  from	  a	  first	  hand	  experience.6	  	  	   Conventional	  structures	  depend	  on	  high	  mass	  for	  effective	  sound	  isolation	  especially	  in	  the	  low	  frequency	  range.	  In	  2003,	  Jasper	  van	  der	  Linden	  from	  the	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  6	  I	  had	  an	  opportunity	  to	  experience	  a	  straw	  bale	  structure	  when	  visiting	  a	  cousin	  who	  had	  built	  one	  in	  Cottonwood,	  Arizona.	  	  I	  was	  noticeable	  startled	  and	  surprised	  as	  to	  how	  quiet	  in	  was	  on	  the	  inside	  no	  matter	  what	  was	  going	  on	  outside.	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Eindhoven	  Technical	  University	  in	  the	  Netherlands	  performed	  a	  test	  on	  earth-­‐plastered	  straw-­‐bale	  walls.	  This	  test	  was	  carried	  out	  in	  a	  true	  acoustic	  test	  chamber	  according	  to	  ISO	  140-­‐3	  (Dalmeijer	  2014).	  	  	   “Based	  on	  the	  outcome	  of	  the	  test,	  it	  is	  to	  be	  expected	  that	  a	  reasonably	  well-­‐designed	  and	  built	  straw-­‐bale	  wall	  without	  acoustic	  defects	  (like	  protruding	  post-­‐and-­‐beam	  members)	  will	  perform	  in	  the	  region	  of	  53dB	  and	  upwards	  (55dB	  with	  A	  weighting;	  “A-­‐weighting”	  means	  the	  impedance	  is	  corrected	  to	  approximate	  human	  hearing	  sensitivity,	  which	  varies	  depending	  on	  frequency),	  The	  2dBA	  increase	  in	  performance	  when	  compared	  to	  the	  test	  is	  mainly	  because	  we	  used	  very	  thin	  (worst	  case)	  plaster	  thickness	  in	  the	  test	  sample”	  (Dalmeijer	  2014).	  	   The	  interior	  sounds	  in	  a	  straw-­‐bale	  building	  have	  the	  sensation	  that	  they	  are	  louder.	  That	  is	  because	  interior	  sounds	  become	  more	  distinct	  when	  background	  noise	  coming	  from	  the	  outside	  is	  reduced,	  which	  is	  what	  happens	  in	  straw	  bale	  homes.	  This	  is	  an	  indication	  that	  straw-­‐bale	  walls	  work	  very	  well	  as	  an	  acoustic	  insulator.	  	  As	  the	  test	  indicates,	  a	  straw-­‐bale	  wall,	  specifically	  with	  an	  appropriate	  skin,	  is	  an	  excellent	  example	  of	  achieving	  good	  sound	  insulation	  (Dalmeijer	  2010).	  	  
3.12	  ENVIRONMENTAL	  HEALTH	  
	  	   Straw	  is	  a	  natural,	  vapor	  permeable	  material	  that	  has	  no	  harmful	  effects.	  	  People	  experiencing	  hay	  fever	  are	  not	  affected	  with	  symptoms,	  as	  it	  does	  not	  contain	  pollen,	  asthmatics	  find	  it	  healthier	  as	  there	  are	  no	  harmful	  off-­‐gassing	  effects	  and	  relative	  to	  other	  insulation	  materials,	  straw	  bale	  has	  a	  negligible	  impact	  both	  on	  the	  external	  environment	  and	  inside	  living	  space	  (Milutiene	  et	  al	  2012).	  	   Straw	  bale	  construction	  is	  a	  relatively	  low-­‐tech	  method	  for	  carbon	  storage,	  which	  has	  a	  high	  potential	  for	  offsetting	  residential	  greenhouse	  gases.	  	  The	  technology	  should	  be	  included	  when	  considering	  climate	  mitigation	  scenarios	  over	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others	  like	  biochar	  (Finnish	  Environment	  Institute	  2013).	  	  	   Straw	  is	  a	  cradle-­‐to-­‐cradle	  product.	  By	  the	  time	  the	  building	  is	  ready	  to	  be	  taken	  down,	  it	  is	  probably	  already	  disintegrating	  back	  into	  the	  soil.	  	  But	  that	  would	  be	  after	  100	  years	  of	  continuous	  use.	  	  
	  
3.13	  COST	  	   There	  are	  many	  references	  to	  the	  costs	  advantages	  of	  straw	  bale	  buildings	  throughout	  the	  literature	  (Jones	  2009,16;	  Lacinski	  and	  Bergeron	  2000,10;	  Wanek	  2003,	  7).	  	  Even	  though	  the	  cost	  of	  straw	  bales	  is	  inconsistent	  across	  the	  country,	  there	  are	  many	  other	  factors	  to	  take	  into	  consideration	  when	  looking	  at	  costs	  like	  the	  use	  of	  outsourced	  or	  do-­‐it-­‐yourself	  labor,	  total	  embodied	  energy	  in	  the	  project,	  total	  life	  span	  of	  structure,	  total	  building	  energy	  efficiency,	  and	  the	  carbon	  footprint	  of	  all	  materials	  used.	  It	  is	  not	  only	  an	  economical	  building	  material	  but	  when	  added	  together	  with	  the	  other	  benefits	  already	  listed	  in	  this	  paper,	  there	  should	  be	  much	  motivation	  to	  use	  this	  strategy	  for	  many	  residential	  and	  light	  commercial	  construction	  projects.	  	  
3.14	  ACCEPTANCE	  AND	  SUMMARY	  	  	  
	  
	   Research	  on	  owners’	  view	  to	  green	  features	  of	  a	  building	  concluded	  that	  green	  elements	  such	  as	  saving	  of	  energy,	  energy	  efficiency,	  renewable	  energy,	  water	  conservation,	  etc,	  were	  found	  important,	  but	  resource	  conservation	  was	  the	  least	  desired	  green	  feature.	  	  The	  type	  of	  materials	  used	  by	  developers	  in	  home	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construction	  did	  not	  matter	  to	  respondents,	  even	  though	  the	  majority	  of	  them	  say	  building	  sustainability	  is	  important	  (Milutiene	  et	  al	  2012).	  	  	  	   Using	  three	  of	  David	  Orr’s	  characteristics	  of	  ecological	  sustainability	  will	  show	  the	  value	  and	  importance	  of	  understanding	  would	  be	  customers	  and	  owners	  ultimate	  acceptance	  of	  alternative	  structures;	  	  	   1.	  People	  are	  finite	  and	  fallible	  and	  their	  ability	  to	  comprehend	  and	  manage	  	   scale	  and	  complexity	  has	  its	  limits	  (refer	  to	  “owners’	  view).	  Thinking	  too	  big	  	   can	  make	  human	  limitations	  a	  liability	  rather	  than	  an	  asset.	  	   2.	  A	  sustainable	  world	  can	  be	  redesigned	  and	  rebuilt	  only	  from	  the	  bottom	  	   up.	  Locally	  self-­‐reliant	  and	  self-­‐organized	  communities	  are	  the	  building	  	   blocks	  for	  change.	  	   3.	  The	  true	  harvest	  of	  evolution	  is	  encoded	  in	  nature’s	  design.	  Nature	  is	  more	  	   than	  a	  bank	  of	  resources	  to	  draw	  on:	  it	  is	  the	  best	  model	  we	  have	  for	  all	  the	  	   design	  problems	  we	  face.	  	   Given	  this	  theory	  of	  the	  human	  condition,	  the	  strategy	  to	  promote	  this	  building	  and	  construction	  strategy	  is	  to	  put	  the	  message	  into	  a	  simple	  statement:	  	   	   	   “A	  New	  Avenue	  to	  Home	  Building”	  	   	   	   “Substantially	  reduce	  the	  overall	  costs	  	  	   	   	   to	  build	  and	  operate	  a	  home	  over	  the	  long	  term,	  	  	   	   	   with	  additional	  savings	  to	  the	  owner	  with	  the	  benefit	  	  	   	   	   of	  using	  green	  and	  sustainable	  construction.”	  	  	   Popularity	  among	  homeowners	  interested	  in	  sustainable	  building	  concepts	  and	  methods	  is	  slowly	  gaining	  but	  more	  still	  needs	  to	  be	  done	  to	  educate	  the	  general	  public	  about	  all	  of	  the	  benefits	  of	  this	  type	  of	  construction	  method.	  	  The	  topics	  discussed	  in	  this	  paper	  highlight	  the	  majority	  of	  reasons	  to	  use	  straw	  bales	  for	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residential	  and	  light	  commercial	  construction.	  	  	  	   If	  one	  obstacle	  exists,	  it	  is	  that	  there	  is	  not	  a	  lot	  of	  money	  to	  be	  made	  from	  the	  commercialization	  of	  straw	  bale	  construction.	  Who	  has	  the	  budget	  and	  incentive	  to	  promote	  a	  method	  of	  construction	  that	  has	  relatively	  little	  profits	  and	  that	  greatly	  reduces	  the	  need	  for	  many	  other	  types	  of	  construction	  materials	  that	  do	  make	  large	  profits?	  	   Perhaps	  the	  big	  question	  is	  “	  How	  do	  we	  take	  this	  very	  old	  and	  traditional	  turned	  new	  concept	  and	  method	  of	  construction	  into	  a	  highly	  desired	  and	  sought	  after	  construction	  method	  that	  will	  help	  start	  repairing	  the	  environmental	  damage	  that	  has	  already	  been	  done?”	  	  With	  this	  research	  data,	  disseminating	  the	  information	  in	  many	  different	  forms	  to	  the	  general	  public,	  change	  of	  construction	  code	  status	  across	  the	  board,	  the	  training	  of	  new	  specialists,	  establishment	  of	  new	  institutions	  dealing	  with	  promoting	  this	  type	  of	  construction	  method	  on	  a	  larger	  scale,	  and	  wider	  international	  cooperation,	  it	  should	  bring	  about	  the	  use	  of	  straw	  bale	  for	  building	  construction	  much	  faster	  (Milutiene	  et	  al	  2012).	  The	  potential	  for	  reducing	  climate	  impacts	  with	  this	  affordable	  and	  simple	  housing	  material	  seems	  so	  simple;	  if	  we	  all	  pursue	  this	  avenue,	  it	  should	  be	  just	  a	  matter	  of	  time	  for	  this	  to	  be	  the	  standard.	  Because	  this	  is	  not	  only	  better,	  it	  is	  also	  very	  good.	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CHAPTER	  4	  FENESTRATION	  
	  
4.1	  INTRODUCTION	  
	   Even	  though	  the	  definition	  of	  fenestration	  in	  Merriam-­‐Webster	  (2014)	  on	  the	  web	  can	  mean	  “an	  opening	  in	  a	  surface”,	  like	  a	  wall,	  it	  also	  means	  “the	  arrangement,	  proportioning,	  and	  design	  of	  windows	  and	  doors	  in	  a	  building.”	  	  	  The	  word	  “windows”	  connotes	  a	  concept	  more	  specific	  and	  it’s	  becoming	  more	  and	  more	  important	  that	  we	  know	  what	  the	  word	  means,	  given	  all	  aspects.	  The	  word	  window	  also	  means	  “an	  opening	  in	  a	  wall”	  along	  with,	  “that	  usually	  contains	  a	  sheet	  of	  glass.”	  	  	  This	  opening	  in	  a	  wall	  of	  a	  building	  also	  admits	  light,	  air	  and	  solar	  radiation	  and	  is	  controlled	  by	  the	  opening	  and	  closing	  of	  casements	  or	  sashes	  usually	  containing	  glass	  (Merriam-­‐Webster	  2014).	  
	   Providing	  a	  view	  to	  the	  outside,	  allowing	  fresh	  air,	  or	  contributing	  to	  overall	  comfortableness	  and	  mood,	  windows	  and	  doors	  can	  hinder	  or	  help	  the	  thermal	  comfort	  satisfaction	  of	  the	  building’s	  occupants.	  Even	  though	  the	  Washington,	  D.C.-­‐based	  U.S.	  Green	  Building	  Council's	  LEED	  rating	  criteria	  rewards	  the	  use	  of	  ample	  fenestration	  for	  daylighting,	  in	  some	  European	  countries	  it’s	  the	  law	  (Sullivan	  and	  Horwitz-­‐Bennett	  2008)	  even	  though	  it	  can	  cause	  problems	  when	  trying	  to	  achieve	  an	  extremely	  low	  use	  of	  energy.	  	   At	  the	  same	  time,	  incorporating	  windows	  and	  doors	  into	  the	  building	  envelope	  presents	  one	  of	  the	  toughest	  tasks	  to	  design	  with	  and	  around	  when	  comes	  to	  overall	  energy	  consumption.	  The	  specification	  of	  window	  and	  door	  building	  components	  requires	  specific	  attention	  to	  such	  factors	  as	  frame	  material	  selection,	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fenestration	  performance,	  energy	  efficiency,	  sustainability,	  acoustical	  performance,	  security,	  and	  code	  compliance.	  In	  the	  construction	  phase,	  fenestration	  application	  demands	  high	  levels	  of	  coordination	  and	  skill	  to	  meet	  infiltration	  and	  weatherproofing	  requirements.	  	   Considered	  one	  of	  the	  weak	  links	  in	  a	  building	  envelope,	  windows	  currently	  consume	  3.8	  quadrillion	  British	  thermal	  units	  (Btu)	  of	  energy	  in	  the	  U.S.	  annually	  in	  the	  form	  of	  heating	  and	  air	  conditioning	  loads,	  at	  a	  cost	  of	  more	  than	  $30	  billion,	  according	  to	  the	  U.S.	  Department	  of	  Energy's	  Building	  Technologies	  Program	  (2014).	  	   Many	  designers	  choose	  their	  window	  and	  door	  products	  by	  focusing	  on	  aesthetic	  considerations	  while	  performance	  characteristics	  are	  given	  only	  secondary	  attention.	  Now	  that	  there	  are	  new	  criteria	  to	  use	  for	  some	  programs	  like	  Energy	  Star,	  windows	  and	  doors	  are	  getting	  more	  and	  more	  attention.	  Based	  on	  a	  detailed	  analysis	  of	  LEED	  categories,	  windows	  and	  doors	  can	  contribute	  to	  one	  prerequisite	  and	  up	  to	  25	  of	  the	  69	  points	  toward	  LEED	  certification	  (Nadel	  2007).	  	  
 It	  becomes	  very	  important	  for	  the	  designer	  or	  builder	  to	  focus	  and	  keep	  up	  to	  date	  on	  innovations	  in	  glazing	  and	  glass	  coatings,	  new	  framing	  materials	  and	  designs,	  thermal	  barrier	  approaches	  and	  products,	  flashing	  and	  sealing	  products	  and	  techniques,	  and	  other	  energy-­‐efficient	  measures	  that	  make	  window	  and	  door	  specifications	  as	  efficient	  and	  cost	  effective	  as	  possible.	  	  	  
4.2	  WINDOW	  AND	  DOORS	  	  	   There	  are	  several	  physics	  principles	  that	  are	  important	  to	  know	  to	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understand	  the	  influence	  of	  windows	  on	  energy	  performance.	  Emissivity	  is	  the	  measure	  of	  the	  ability	  of	  a	  surface	  to	  emit	  radiation	  at	  a	  given	  surface	  temperature:	  0.0	  being	  none	  and	  1.0	  the	  maximum	  or	  a	  “black	  body”	  (Moore	  1993).	  A	  product	  with	  high	  emissivity,	  such	  as	  a	  clear	  piece	  of	  glass,	  will	  allow	  over	  84%	  of	  the	  infrared	  energy	  from	  a	  warm	  room	  outside	  to	  the	  cold	  air.	  The	  lower	  the	  emissivity	  of	  the	  glass,	  the	  lower	  the	  rate	  of	  heat	  loss	  and	  the	  lower	  the	  U-­‐factor	  (NFRC	  2012).	  	   The	  solar	  spectrum	  is	  made	  up	  of	  ultraviolet	  (UV)	  light,	  visible	  light,	  and	  infrared	  (IR)	  light.	  Less	  than	  half	  the	  energy	  in	  solar	  radiation	  incident	  on	  a	  window	  is	  visible	  light.	  The	  rest	  is	  invisible	  infrared	  radiation	  and	  a	  smaller	  quantity	  of	  (also	  invisible)	  ultraviolet	  radiation	  (Florida	  Solar	  Research	  Center	  2007).	  The	  use	  of	  traditional	  reflective	  or	  tinted	  glass	  to	  reduce	  solar	  heat	  gain	  through	  the	  window	  also	  reduces	  the	  amount	  of	  visible	  light.	  .	  This	  reduction	  in	  Visible	  Transmittance	  (VT)	  can	  lead	  to	  an	  increase	  in	  the	  amount	  of	  electric	  lighting	  needed	  in	  buildings	  (NFRC	  2012).	  	   There	  are	  three	  major	  types	  of	  energy	  flow	  that	  occur	  through	  windows;	  non-­‐solar	  heat	  losses	  and	  gains	  in	  the	  form	  of	  conduction,	  convection,	  and	  radiation;	  solar	  heat	  gains	  in	  the	  form	  of	  radiation;	  and	  airflow,	  both	  intentional	  as	  in	  ventilation	  and	  unintentional	  in	  the	  form	  of	  infiltration	  (DOE	  1997)	  (Figure	  37).	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Figure	  37.	  The	  three	  major	  types	  of	  energy	  flow	  that	  occur	  at	  windows.	  
(DOE	  1997)	  
	  	  	   The	  non-­‐solar	  heat	  flow	  through	  a	  window	  is	  the	  result	  of	  the	  temperature	  difference	  between	  the	  indoor	  temperature	  and	  outdoor	  temperature.	  In	  most	  regions	  of	  the	  United	  States,	  the	  effects	  of	  non-­‐solar	  heat	  flow	  are	  generally	  greater	  on	  heating	  needs	  than	  on	  cooling	  needs	  because	  indoor-­‐outdoor	  temperature	  differences	  are	  greater	  during	  the	  heating	  season	  than	  during	  the	  cooling	  season.	  For	  any	  window	  product,	  the	  greater	  the	  temperature	  difference	  from	  inside	  to	  out,	  the	  greater	  the	  rate	  of	  heat	  flow	  will	  be	  experienced.	  A	  U-­‐factor	  is	  a	  measure	  of	  the	  rate	  of	  non-­‐solar	  heat	  flow	  through	  a	  window	  or	  skylight.	  Lower	  U-­‐factors	  (or	  higher	  R	  values)	  indicate	  reduced	  heat	  flow	  (DOE	  1997).	  	   One	  of	  the	  most	  important	  parts	  of	  the	  window	  is	  the glazing	  or	  glass,	  which	  is	  the	  transparent	  in-­‐fill	  material	  in	  the	  system	  and	  where	  a	  source	  of	  heat	  loss	  typically	  occurs.	  A	  window	  can	  be	  single-­‐glazed,	  meaning	  one	  pane	  of	  glass,	  double-­‐
Solar Radiation
Convection 
and Conduction 
Thermal Radiation
Infiltration
	   104	  
glazed,	  meaning	  two	  panes	  of	  glass	  and	  so	  forth.	  In	  between	  the	  glass	  layers	  there	  is	  an	  air	  space	  that	  can	  be	  filled	  with	  some	  kind	  of	  gas,	  like	  argon,	  or	  be	  just	  filled	  with	  air.	  The	  type	  of	  gas	  the	  window	  is	  filled	  with	  produces	  different	  properties	  and	  is	  usually	  manufacturer	  dependent.	  The	  glass	  can	  also	  be	  treated	  on	  different	  sides	  to	  produce	  different	  solar	  and	  heat	  transfer/resistance	  properties	  (Meshulam	  2014).	  	   The	  components	  of	  a	  window	  influence,	  in	  a	  significant	  way,	  the	  energy	  efficiency	  of	  the	  window.	  Different	  window	  frames	  conduct	  heat	  at	  different	  rates	  and	  contribute	  to	  a	  window's	  overall	  energy	  efficiency,	  particularly	  its	  U-­‐factor.	  Glazing/glass	  technology	  has	  become	  very	  sophisticated	  and	  the	  ability	  to	  specify	  which	  type	  of	  glazing/glass	  for	  each	  window	  location,	  based	  on	  orientation,	  climate,	  building	  design,	  etc.,	  is	  one	  of	  the	  more	  important	  aspects	  of	  designing	  a	  highly	  efficient	  building	  envelope	  (Energy.gov	  2014).	  	  	   	  
4.3	  ANATOMY	  OF	  A	  WINDOW	  	   Figure	  38	  illustrates	  most	  of	  the	  most	  common	  components	  in	  a	  window	  unit.	  The	  spacer	  is	  the	  component	  that	  separates	  and	  maintains	  the	  space	  between	  any	  of	  the	  glazing	  surfaces	  of	  an	  insulating	  glass	  unit	  (IGU),	  whether	  it	  is	  double,	  triple	  or	  quadruple	  pane.	  	  As	  with	  glazing	  there	  are	  several	  spacer	  types	  and	  manufacturers	  are	  always	  experimenting	  with	  new	  ways	  to	  reduce	  the	  window	  spacer’s	  impact	  on	  the	  overall	  energy	  performance.	  Current	  spacers	  may	  be	  made	  of	  metal,	  non-­‐metal	  materials,	  or	  a	  combination	  of	  both.	  Because	  they	  are	  located	  within	  the	  window	  structure,	  spacers	  can	  affect	  the	  overall	  window	  performance	  rating	  based	  on	  the	  conductance	  of	  the	  material	  or	  materials	  from	  which	  they	  are	  made	  (NFRC	  2012).	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Figure	  38.	  The	  major	  components	  of	  a	  window	  with	  double	  pane	  glazing	  
(Energy.gov	  2012).	  	  	  	   The	  frame	  encloses	  or	  surrounds	  the	  components	  of	  the	  structure	  of	  a	  window,	  door,	  or	  skylight,	  which	  then	  fits	  into	  the	  wall	  or	  roof	  opening.	  Just	  like	  glazing	  and	  spacers,	  there	  are	  many	  types	  of	  framing	  materials	  that	  can	  be	  used,	  from	  wood,	  metal,	  vinyl,	  fiberglass	  and	  some	  composite	  materials,	  like	  RAU-­‐Fipro,	  a	  composite	  made	  in	  Germany	  and	  used	  in	  the	  airline	  and	  Formula	  1	  industries	  (Wasco	  2012).	  
	   Just	  like	  glazing,	  the	  choice	  of	  frame	  materials	  for	  the	  window	  can	  depend	  on	  many	  factors	  including	  style,	  cost,	  building	  needs	  and	  maintenance.	  Material	  choice	  affects	  the	  window’s	  overall	  rating	  performance,	  as	  some	  material	  may	  have	  benefits	  in	  one	  area	  at	  the	  expense	  of	  lower	  performance	  in	  another	  with	  regard	  to	  conductance	  (NFRC	  2012).	  With	  improving	  technologies,	  manufacturers	  have	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developed	  products	  that	  incorporate	  several	  materials	  to	  gain	  the	  advantages	  of	  each	  ultimately	  to	  reduce	  the	  overall	  U-­‐factor.	  
	  
4.4	  FENESTRATION	  FRAMES	  	   One	  of	  the	  first	  decisions	  that	  must	  be	  made	  when	  specifying	  frames	  for	  windows	  and	  doors	  is	  choosing	  the	  right	  material.	  For	  window	  frames,	  the	  main	  options	  are	  aluminum,	  vinyl,	  wood,	  fiberglass,	  steel	  and	  composites,	  with	  each	  material	  presenting	  its	  own	  pluses	  and	  minuses	  shown	  in	  Figure	  39.	  	  	  
	  
	   Figure	  39.	  Frame	  material	  comparisons.	  (Community	  Windows	  and	  Doors	  2012)	  
	  
	  
	  
	   	   From	  an	  environmental	  perspective,	  wood	  stands	  out	  as	  the	  best	  performer	  overall,	  according	  to	  New	  York	  City	  architect	  and	  writer	  Barbara	  A.	  Nadel,	  FAIA	  (2007),	  who	  cites	  U.S.	  and	  U.K.	  life	  cycle	  assessment	  studies	  of	  aluminum,	  vinyl,	  and	  
Vinyl Fiberglass Aluminum Wood
Cost Affordable Affordable Inexpensive Expensive
Durabilty High High Mid Low
Maintenance Low Low Low High
Efficiency High Medium Low High
Soundproofing Good Good Good Best
Overall Best Good Poor Better
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wood	  window	  frames.	  Nadel	  (2007)	  says	  that	  these	  studies,	  based	  on	  production	  methods	  and	  energy	  consumption	  and	  related	  factors,	  often	  confirm	  that	  wood	  window	  frames	  have	  the	  smallest	  total	  environmental	  footprint	  as	  of	  2007	  (Figure	  39).	  	   It	  is	  important	  to	  evaluate	  windows	  and	  doors	  for	  their	  performance,	  maintenance,	  design	  capabilities,	  and	  as	  well	  as	  aesthetics	  instead	  of	  basing	  comparisons	  on	  the	  actual	  materials.	  	  
	  
4.4.1	  Wood	  Frames	  	  	   Wood	  frames	  are	  made	  from	  different	  species	  of	  lumber	  depending	  on	  what	  has	  been	  specified.	  The	  manufacturing	  process	  is	  fundamentally	  different	  than	  any	  of	  the	  other	  frame	  material	  types,	  as	  the	  wood	  is	  milled	  rather	  than	  extruded	  or	  rolled	  or	  formed.	  The	  sections	  of	  the	  window	  unit	  are	  usually	  solid	  and	  one	  piece	  rather	  than	  a	  series	  of	  connecting	  pieces	  (Meshulam	  2014).	  	  Unlike	  the	  other	  frame	  types	  wood	  is	  also	  highly	  susceptible	  to	  weather	  and	  moisture	  causing	  them	  to	  expand	  and	  contract	  and	  ongoing	  maintenance	  is	  important	  to	  the	  durability	  and	  over-­‐all	  functioning	  of	  the	  unit	  (Figure	  40).	  	  	   In	  addition,	  wood	  delivers	  good	  installed	  performance	  in	  terms	  of	  reducing	  thermal	  bridging,	  or	  the	  transfer	  of	  heat	  and	  cold	  from	  the	  building	  exterior	  to	  the	  interior.	  Such	  studies	  provide	  a	  logical	  rationale	  for	  designers	  and	  builders	  to	  consider	  wood	  windows	  and	  doors	  beyond	  pure	  aesthetics,	  which	  has	  long	  been	  the	  main	  draw	  of	  the	  material.	  Additionally,	  the	  depth	  of	  grain	  radiating	  from	  a	  hardwood	  door	  or	  the	  large	  section	  of	  a	  painted	  wood	  window	  communicates	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substance	  and	  solidity	  regardless	  of	  style.	  	   The	  negative	  aspects	  of	  wood	  products	  are	  that	  they	  tend	  to	  be	  more	  expensive	  compared	  to	  the	  other	  materials,	  especially	  for	  monumental	  sizes	  and	  custom	  shapes.	  The	  prepping,	  priming,	  and	  painting	  or	  staining	  required	  in	  the	  field	  also	  adds	  labor	  and	  time	  to	  the	  project	  budget.	  They	  also	  have	  to	  be	  continually	  maintained	  and	  cared	  for	  to	  stay	  viable.	  	  	  
 	  
Figure	  40.	  Left	  a	  sectional	  detail	  of	  a	  wood	  double	  hung	  with	  a	  center	  example	  of	  a	  
wood	  frame	  section	  (http://www.windowsbycommunity.com)	  and	  an	  exterior	  
aluminum	  clad	  wood	  window	  on	  the	  right	  (Meshulam	  2012)	  
	   	   	  
	  
	  	   In	  figure	  40,	  the	  variation	  on	  the	  right	  example	  is	  a	  wood	  frame	  with	  an	  aluminum	  cladding	  on	  the	  exterior.	  	  The	  wood	  side	  (right)	  is	  exposed	  to	  the	  interior	  while	  the	  aluminum	  cladding	  over	  the	  wood	  protects	  the	  exterior.	  This	  also	  eliminates	  quite	  a	  bit	  of	  exterior	  maintenance.	  This	  design,	  sometimes	  using	  a	  PVC	  cladding	  in	  lieu	  of	  aluminum,	  is	  commonly	  used	  in	  residential	  construction	  (Meshulam	  2012).	  It	  combines	  a	  maintenance	  free	  exterior	  with	  the	  beauty	  of	  wood	  for	  the	  interior.	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4.4.2	  Metal	  Frames	  	   Aluminum	  as	  a	  material	  for	  window	  frames	  tends	  to	  be	  more	  cost-­‐effective,	  durable,	  and	  owner-­‐friendly,	  with	  fewer	  maintenance	  demands.	  The	  base	  material	  is	  produced	  from	  the	  ore	  bauxite,	  which	  is	  abundantly	  available	  and	  can	  be	  recycled	  repeatedly	  with	  little	  deterioration	  in	  quality.	  However,	  aluminum	  production	  and	  recycling	  require	  a	  significant	  amount	  of	  energy	  and	  generate	  considerable	  quantities	  of	  toxic	  waste.	  Aluminum	  windows	  and	  doors	  may	  also	  experience	  thermal	  bridging.	  Since	  the	  metal	  conducts	  heat	  so	  efficiently,	  aluminum	  window	  and	  doorframes	  require	  well-­‐designed	  thermal	  breaks	  to	  provide	  a	  level	  of	  thermal	  efficiency	  competitive	  with	  wood	  and	  vinyl	  (Figure	  45).	  	  
     
	  
Figure	  41.	  Left	  Anatomy	  of	  an	  aluminum	  window	  (http://chicagowindowexpert.com/)	  
and	  on	  right	  a	  section	  cut	  of	  an	  actual	  aluminum	  frame	  
(http://www.windowsbycommunity.com)	  	   	  	  	   The	  steel	  window	  is	  another	  type	  of	  metal	  window.	  Figure	  42	  illustrates	  the	  difference	  between	  rolled	  section	  steel	  windows	  and	  hollow	  metal	  steel	  windows.	  They	  are	  both	  still	  available	  and	  both	  have	  a	  place	  in	  current	  construction.	  The	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rolled	  section	  steel	  provides	  some	  of	  the	  narrowest	  sightlines	  available,	  which	  seem	  to	  be	  highly	  desirable.	  They	  are	  favored	  in	  historic	  renovations	  as	  well	  as	  interior	  partition	  applications.	  Hollow	  metal	  sections	  are	  frequently	  used	  in	  fire-­‐rated	  partitions	  along	  with	  hollow	  metal	  doors	  (Meshalum	  2014).	  	  
	  
	   	   Figure	  42.	  Rolled	  section	  steel	  window	  (left)	  and	  hollow	  metal	  steel	  window	  (right)  
  (http://chicagowindowexpert.com/)	  	  	  
4.4.3	  Vinyl	  Frames	  	   Vinyl	  (Polyvinylchloride	  or	  PVS)	  frames	  stand	  out	  as	  the	  second-­‐most-­‐popular	  fenestration	  product	  (after	  wood)	  as	  measured	  by	  market	  volume	  and	  are	  very	  cost-­‐effective.	  As	  with	  aluminum	  door	  and	  window	  frames,	  however,	  they	  require	  energy-­‐intensive	  manufacturing	  and	  produce	  toxic	  effluents,	  factors	  that	  should	  influence	  green-­‐minded	  design	  professionals.	  In	  addition,	  recycling	  of	  vinyl	  is	  complicated	  and	  not	  commonly	  available	  for	  end	  users.	  As	  for	  the	  material	  itself,	  vinyl	  is	  tough	  but	  it	  can	  be	  prone	  to	  bending	  and	  bowing	  as	  a	  result	  of	  pressures	  induced	  by	  thermal	  cycling	  (Meshalum	  2014).	  	   PVC	  (Figure	  43)	  is	  easily	  and	  accurately	  extruded,	  but	  its	  strength	  does	  not	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compare	  to	  that	  of	  aluminum	  because	  of	  its	  softness,	  low	  melting	  point	  and	  versatility	  which	  allows	  the	  extruding	  of	  multiple	  hollows	  within	  a	  single	  frame	  section	  which	  increase	  the	  strength	  of	  the	  frame.	  	  Doing	  this	  with	  aluminum	  would	  very	  expensive.	  One	  negative	  aspect	  of	  PVC	  is	  it’s	  high	  reactivity	  to	  temperature	  changes	  and	  its	  limited	  color	  availability,	  predominantly	  being	  white.	  	  
  
Figure	  43.	  On	  the	  left	  is	  a	  PVC	  (vinyl)	  frame	  (http://www.windowsbycommunity.com),	  
while	  on	  right	  is	  a	  fiberglass	  frame.	  	  	  	   As	  shown	  in	  Figure	  44,	  energy	  testing	  was	  done	  on	  two	  types	  of	  vinyl	  windows;	  the	  hollow	  frame	  vs.	  the	  foam-­‐filled	  frame.	  The	  two	  windows	  are	  the	  same	  except	  the	  frame	  on	  the	  left	  is	  hollow,	  while	  the	  frame	  on	  the	  right	  is	  filled	  with	  insulating	  foam.	  The	  units	  have	  the	  same	  insulated	  glazing	  unit,	  a	  super	  window	  with	  an	  R-­‐8	  center	  of	  glass.	  Infrared	  photography	  was	  used	  to	  detect	  temperature	  ranges	  from	  the	  frame	  and	  across	  the	  glass.	  The	  hollow	  window	  frame	  (left)	  allows	  air	  to	  circulate	  inside	  the	  frame;	  this	  convective	  effect	  is	  observed	  by	  noticing	  the	  frame	  temperatures	  are	  cooler	  at	  the	  bottom	  than	  at	  the	  top.	  The	  foam-­‐filled	  window	  (right)	  doesn’t	  allow	  this	  effect	  (Meshalum	  2014).	  The	  overall	  R-­‐value	  of	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the	  right	  window	  will	  be	  higher	  than	  the	  overall	  R-­‐value	  of	  the	  window	  on	  the	  left.	  	  
 
	  
Figure	  44.	  Infrared	  photography	  showing	  temperature	  variation	  across	  a	  hollow	  vinyl	  
window	  frame	  on	  left	  and	  one	  insulated	  with	  foam	  on	  the	  right.	  
(ChicagoWindowExpert	  2014)	  	  	  
4.4.4	  Fiberglass	  Frames	  	   Fiberglass	  frames	  are	  relatively	  new	  addition	  available	  for	  window	  and	  doorframes.	  Several	  studies	  have	  confirmed	  that	  fiberglass	  is	  highly	  durable	  and	  in	  one	  case,	  fiberglass	  was	  shown	  to	  be	  about	  eight	  times	  as	  strong	  as	  comparable	  sections	  of	  vinyl.	  Some	  green	  building	  experts	  rate	  fiberglass	  second	  to	  wood	  in	  terms	  of	  overall	  environmental	  friendliness.	  The	  downside	  is	  upfront	  costs	  because	  fiberglass	  is	  often	  more	  expensive	  than	  aluminum	  or	  vinyl.	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4.5	  WINDOW	  FRAME	  ENERGY	  SUSTAINABILITY	  AND	  PERFORMANCE	  	  	   Windows	  are	  always	  performing	  some	  kind	  of	  function;	  they	  can	  provide	  passive	  solar	  heating,	  they	  affect	  the	  flow	  of	  heat	  and	  fresh	  air	  in	  and	  out	  of	  the	  home,	  they	  control	  the	  amount	  of	  daylight	  that	  comes	  in,	  and	  provide	  a	  visual	  connection	  to	  the	  outside.	  	  	   Sustainability	  needs	  to	  be	  considered	  as	  an	  upfront	  decision	  as	  the	  total	  costs	  (from	  an	  embodied	  energy	  perspective	  to	  the	  cradle	  to	  cradle	  approach)	  of	  producing	  each	  window	  type	  and	  style	  can	  affect	  its	  overall	  desirability	  in	  a	  project.	  	  	   The	  results	  of	  a	  study	  by	  the	  Edinburgh	  Napier	  University	  School	  of	  Engineering	  titled	  "Life	  Cycle	  Analysis	  of	  Window	  Materials-­‐A	  Comparative	  Assessment"	  (2002),	  which	  analyzed	  the	  embodied	  energy	  for	  wood,	  aluminum,	  and	  PVC	  concluded	  that	  aluminum	  windows	  used	  the	  most	  embodied	  energy,	  with	  PVC	  using	  three	  times	  as	  much	  embodied	  energy	  as	  wood.	  Table	  27	  shows	  the	  comparative	  ratings	  of	  three	  frame	  material	  types	  simplifying	  the	  information	  for	  ease	  of	  use	  for	  consumers	  to	  decide	  on	  the	  proper	  frame	  material.	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  Life	  Cycle	  of	  Window	  Frame	  Materials	  	  
	  	  	  	  	  X	  =	  Favorable	  Environmental	  Impact	  	  	  	  	  	  	  |	  	  	  	  	  	  	  	  ?	  =	  Environment	  Impact	  Uncertain	  
	  
Table	  27.	  	  A	  Comparative	  Assessment	  of	  Window	  Frame	  Materials	  (Nadel	  2007)	  
	  
	  
4.6	  WINDOW	  FRAME	  TYPES	  	  	   The	  integral	  fin	  features	  a	  continuous	  projection	  so	  the	  frame	  can	  be	  integrated	  into	  the	  building	  envelopes	  resistant	  barrier	  (Figure	  45)	  (pella.com	  2013).	  	  
   
Figure	  45.	  A	  Pella	  integral	  fin,	  left	  with	  section	  view	  showing	  the	  fin	  in	  the	  
center	  and	  how	  it	  integrates	  into	  the	  building	  envelope	  on	  the	  right,	  helping	  to	  
reduce	  infiltration.	  (http://professional.pella.com/installation-­‐
systems/commercial/fiberglass)	  
Criteria Aluminum Wood Vinyl
Source'Material x
Renewable x
Recycled'Content x x ?
Embodied'Energy x
Polution'Produced x
Energy'Consumed x x
Recyclable x x ?
Biodegradable x
	   115	  
	  	  	  	   A	  flush	  flange	  frames	  (Figure	  46)	  are	  designed	  as	  replacement	  windows	  and	  will	  prevent	  damage	  to	  the	  existing	  stucco	  or	  interior	  dry	  wall.	  A	  fin	  surrounds	  the	  window	  frame,	  fits	  flush	  with	  the	  existing	  window	  exterior	  frame	  and	  allows	  for	  quick	  installation.	  	  	  
	  
Figure	  46.	  A	  Pella	  flush	  flange,	  left	  with	  section	  view	  showing	  the	  fin	  in	  the	  center	  and	  
how	  it	  integrates	  into	  the	  stucco	  building	  on	  the	  right.	  
(http://professional.pella.com/installation-­‐systems/commercial/fiberglass)	  	  	  	  	   A	  block	  frame	  is	  a	  non-­‐finned	  frame	  that	  can	  be	  used	  as	  new	  or	  retrofit	  installation	  in	  a	  block	  (concrete)	  wall	  application	  or	  as	  an	  existing	  wood	  window	  replacement	  frame	  providing	  a	  variety	  of	  attachment	  and	  installation	  options	  (Figure	  47).	  	  It	  can	  be	  installed	  in	  different	  frame	  materials	  with	  using	  clips	  or	  screws	  (Figure	  48-­‐49).	  These	  can	  also	  be	  used	  as	  replacements	  without	  removing	  the	  existing	  frame	  and	  causes	  little	  if	  any	  damage	  to	  the	  exterior	  (Figure	  50).	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Figure	  47.	  A	  Pella	  block	  frame	  with	  offset	  fin,	  left	  with	  section	  view	  showing	  the	  
fin,center,	  and	  how	  it	  integrates	  into	  the	  building	  on	  the	  right.	  
(http://professional.pella.com/installation-­‐systems/commercial/fiberglass)	  
	  
	  
Figure	  48.	  A	  Pella	  block	  frame	  section	  view	  with	  installation	  clip,	  left	  and	  how	  it	  
integrates	  into	  the	  building	  on	  the	  right.	  (http://professional.pella.com/installation-­‐
systems/commercial/fiberglass)	  	  	  	  	  
Figure	  49.	  A	  Pella	  block	  frame	  section	  view	  with	  screw	  attachment,	  left	  and	  how	  it	  
integrates	  into	  the	  building	  on	  the	  right.	  (http://professional.pella.com/installation-­‐
systems/commercial/fiberglass	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Figure	  50.	  A	  Pella	  block	  frame	  section	  view	  with	  T-­‐Subframe,	  left	  and	  how	  it	  integrates	  
into	  the	  building	  on	  the	  right.	  
(http://professional.pella.com/installationsystems/commercial/fiberglass)	  
	  
	  
4.7	  WINDOW	  STYLES	  	  	   Traditionally,	  most	  windows	  were	  side-­‐hinged	  windows	  and	  were	  referred	  to,	  and	  still	  are,	  as	  casements,	  and	  sliding	  sash	  windows	  (Figure	  51).	  	  
	  
       
Figure	  51.	  Two	  original,	  traditional	  sliding	  sash	  windows.	  
(http://www.doubleglazingleicestershire.com/sliding-­‐sash-­‐windows-­‐
leicestershire.html	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   New	  opening	  mechanisms	  such	  as	  friction	  and	  pivot	  hinges	  have	  changed	  the	  types	  of	  windows	  available	  and	  window	  materials,	  shapes,	  and	  sizes	  vary	  considerably	  from	  one	  manufacturer	  to	  another,	  as	  does	  terminology.	  Figure	  52	  shows	  the	  common	  styles	  of	  windows,	  and	  while	  they	  vary	  from	  one	  manufacture	  to	  another	  as	  far	  as	  particulars,	  these	  are	  the	  basic	  types.	  	  	  
	  
	  
	  
Figure	  52.	  Illustration	  of	  typical	  Window	  styles;	  how	  each	  window	  type	  works	  
(http://www.wbdg.org/resources/resbuildingenclosure.php)	  
	   	  
  
	  
4.8	  FOLDING	  GLASS	  PATIO	  DOORS	  	  
	   	  
	   The	  use	  of	  patio	  doors	  is	  dependent	  on	  design	  and	  function	  as	  they	  act	  like	  big	  windows	  as	  far	  as	  energy	  efficiency	  and	  daylighting	  are	  concerned.	  Their	  use	  needs	  to	  be	  evaluated	  for	  the	  total	  influence	  and	  effect	  on	  thermal	  comfort	  as	  they	  are	  large	  openings	  in	  the	  building	  envelope	  and	  can	  cause	  hot	  or	  cold	  spots	  in	  a	  building	  because	  of	  their	  size.	  Strategic	  placement	  of	  glass	  doors	  can	  optimize	  the	  benefits	  and	  decrease	  the	  overall	  energy	  loss	  they	  can	  create.	  Figure	  53	  shows	  the	  relatively	  new	  folding/sliding	  glass	  wall	  concepts	  and	  how	  they	  look	  once	  installed.	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Figure	  53.	  Left	  folding	  glass	  door	  wall	  and	  right	  sliding	  glass	  door	  wall,	  both	  can	  cause	  
a	  lack	  of	  control	  over	  the	  increase	  in	  energy	  consumption	  required	  for	  thermal	  
comfort.	  (left,	  http://houseofinterior1.com/product.php?pid=14	  and	  right	  
http://www.decoist.com/2013-­‐03-­‐18/stunning-­‐sliding-­‐glass-­‐doors-­‐for-­‐dynamic-­‐
modern-­‐home/)	  
	  
	  
4.9	  SOLID	  EXTERIOR	  DOORS	  	  	   Since	  solid	  exterior	  doors	  do	  not	  have	  any	  glass	  in	  the	  door,	  the	  thermal	  issues	  are	  reduced.	  The	  most	  common	  thermal	  issues	  concerning	  exterior	  doors	  include	  heat	  loss	  from	  air	  movement	  during	  use	  of	  opening	  and	  closing,	  infiltration	  through	  the	  perimeter	  detail,	  radiant	  heat	  transfer	  through	  the	  door	  materials	  themselves	  (depending	  on	  R-­‐value)	  and	  door	  frames	  that	  lack	  an	  adequate	  thermal	  break	  in	  the	  frame	  causing	  thermal	  bridging	  and	  possible	  condensation	  issues	  as	  well	  as	  heat	  transfer.	  	   Exterior	  doors	  come	  with	  as	  many	  different	  varieties	  and	  styles	  as	  do	  windows	  along	  with	  different	  materials	  (Figure	  54).	  The	  biggest	  difference	  between	  windows	  and	  doors	  is	  the	  opportunity	  to	  have	  an	  opening	  in	  the	  building	  envelope	  that	  can	  have	  a	  higher	  R-­‐value	  than	  any	  window	  on	  the	  market.	  	  Some	  doors,	  in	  fact	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can	  have	  a	  very	  high	  insulative	  value	  and	  that	  use	  mechanisms	  to	  insure	  a	  very	  tight	  closure	  to	  prevent	  or	  reduce	  air	  infiltration	  rates.	  Again,	  the	  other	  points	  to	  consider	  is	  the	  embodied	  energy,	  cradle	  to	  cradle	  opportunity	  and	  the	  overall	  R-­‐Value.	  	  
	  
	   	   Figure	  54.	  Exterior	  wood	  door	  examples.	  (http://paradiselumber.net/st-­‐	  
	   	   john-­‐lumber/index.php/solid-­‐tropical-­‐hardwood-­‐doors/)	  
	  	  
4.10	  THE	  FENESTRATION	  LABELING	  SYSTEMS	  	  
4.10.1	  The	  NFRC	  Label	  	  	   The	  National	  Fenestration	  Rating	  Council	  (NFRC)	  is	  a	  nonprofit	  organization	  that	  independently	  tests,	  certifies,	  and	  labels	  windows,	  doors,	  and	  skylights.	  All	  manufactures	  can	  use	  the	  NFCR	  label	  to	  identify	  their	  fenestration	  products	  such	  as	  windows,	  doors,	  and	  skylights,	  so	  that	  consumers	  know	  the	  products	  they	  buy	  will	  perform	  the	  way	  it	  is	  advertised.	  When	  the	  NFRC	  label	  is	  on	  fenestration	  products,	  it	  is	  an	  assurance	  that	  it’s	  going	  to	  meet	  all	  of	  the	  tested	  criteria	  and	  perform	  the	  way	  it’s	  advertised	  to	  perform.	  	   The	  National	  Fenestration	  Rating	  Council	  (NFRC)	  provides	  window	  and	  door	  retailers	  with	  fact	  sheets	  that	  can	  be	  used	  to	  educate	  their	  customers	  at	  the	  point	  of	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purchase.	  The	  fact	  sheets	  explain	  how	  to	  interpret	  the	  values	  found	  on	  the	  NFRC	  energy	  performance-­‐rating	  label,	  which	  is	  displayed	  on	  many	  products	  (NFRC	  2012).	  	  There	  is	  also	  the	  Energy	  Star	  Store	  Locator	  tool	  to	  help	  in	  locating	  a	  store	  that	  provides	  products	  with	  the	  new	  NFRC	  labels.	  	  	   Figure	  55	  illustrates	  the	  new	  label	  information	  needed	  that	  helps	  to	  access	  the	  window’s	  qualities.	  The	  U-­‐factor,	  Solar	  Heat	  Gain	  Coefficient	  (SHGC)	  and	  Visible	  Transmittance	  (VT)	  are	  all	  tests	  that	  are	  required	  by	  Energy	  Star.	  	  Air	  Leakage	  (AL)	  and	  Condensation	  Resistance	  ratings	  are	  optional	  and	  manufacturers	  are	  not	  required	  by	  NFRC	  to	  test	  their	  products	  for	  these.	  	  
	  
	   Figure	  55.	  The	  NFRC	  label	  applied	  to	  windows,	  doors	  and	  skylights.	  (NFRC	  
	   2012)	  
	  
	  
	  
	  	   The	  heat	  flow	  due	  to	  temperature	  differences	  through	  windows	  and	  skylights	  is	  a	  function	  of	  the	  U-­‐factor	  (Figure	  56).	  Even	  though	  the	  temperature	  varies	  at	  and	  around	  particular	  parts	  of	  the	  glass,	  the	  NFRC	  averages	  the	  temperature	  to	  one	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number	  for	  the	  entire	  window	  unit.	  The	  lower	  the	  U-­‐	  factor	  the	  better	  the	  window	  unit	  performs	  (Grondzik	  et	  al	  2010).	  	  	  	  
            
Figure	  56.	  The	  illustration	  on	  the	  left	  represents	  U-­‐factor	  potential.	  	  
The	  illustration	  on	  the	  right	  shows	  the	  possible	  SHGC	  dynamics.	  (NFRC,	  
2012) 	  	  	  	  	   SHGC	  or	  the	  Solar	  Heat	  Gain	  Coefficient	  (SHGC)	  represents	  the	  percentage	  of	  solar	  radiation	  incident	  the	  ends	  up	  inside	  the	  building	  as	  heat	  (Figure	  30).	  It	  is	  a	  measure	  of	  the	  ability	  of	  a	  window	  to	  resist	  heat	  gain	  from	  solar	  radiation	  (Grondzik	  et	  al	  2010).	  	  The	  ideal	  values	  range	  from	  0	  to	  1	  with	  1	  being	  100%	  of	  the	  solar	  radiation	  entering	  through	  the	  window	  as	  heat	  and	  0	  being	  the	  opposite.	  	  The	  value	  needed	  for	  an	  energy	  efficient	  building	  depends	  on	  the	  use	  of	  the	  window,	  different	  values	  should	  be	  used	  for	  daylighting	  on	  a	  north	  wall,	  passive	  solar	  gain	  on	  a	  south	  wall,	  and	  for	  east	  and	  west	  windows.	  The	  value	  is	  also	  dependent	  on	  where	  the	  structure	  is	  built	  and	  the	  climate	  it	  will	  be	  subjected	  to.	  	   Air	  infiltration	  in	  older	  buildings	  is	  a	  major	  cause	  of	  heat	  loss	  and	  higher	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energy	  consumption.	  	  The	  rate	  of	  outdoor	  air	  infiltration	  between	  a	  window	  and	  its	  frame	  is	  measured	  with	  an	  Air	  Leakage	  number.	  	  Air	  Leakage	  measures	  how	  much	  outside	  air	  comes	  into	  a	  home	  or	  building	  through	  a	  product	  (Figure	  57).	  The	  rates	  typically	  fall	  in	  a	  range	  between	  0.1	  and	  0.3	  and	  the	  lower	  the	  air	  leakage,	  the	  better	  the	  product	  is	  at	  keeping	  air	  out	  (NFRC	  2012).	  It	  is	  usually	  measured	  with	  the	  window	  locked	  and	  under	  pressure	  equivalent	  to	  a	  25mph	  wind	  (Grondzik	  et	  al	  2010).	  With	  advanced	  frame	  design,	  along	  with	  proper	  installation,	  air	  infiltration	  can	  be	  reduced	  significantly.	  	  The	  Air	  leakage	  number	  is	  not	  a	  required	  rating	  and	  manufacturers	  can	  choose	  to	  exclude	  it	  on	  their	  labels,	  even	  though	  it	  has	  an	  effect	  on	  overall	  window	  performance	  and	  impacts	  energy	  usage.	  	  
	  
Figure	  57.	  Illustration	  of	  possible	  air	  infiltration	  points	  
(http://www.soft-­‐lite.com/education/vinyl-­‐windows-­‐air-­‐
infiltration.asp)	  	  	  	   The	  value	  called	  Visible	  Transmittance	  (VT)	  is	  a	  thermal	  and	  optical	  property	  that	  represents	  the	  percentage	  of	  incident	  light	  from	  only	  the	  visible	  spectrum	  at	  a	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normal	  angle	  of	  incidence	  that	  passes	  through	  a	  particular	  glazing	  that	  enters	  the	  building	  (Figure	  58);	  The	  higher	  the	  VT	  number,	  the	  greater	  the	  amount	  of	  available	  daylight.	  This	  number	  is	  influenced	  by	  many	  factors	  including	  but	  not	  limited	  to	  the	  color	  of	  the	  glass,	  any	  coatings	  that	  have	  been	  applied	  to	  any	  of	  the	  surfaces	  of	  glass,	  and	  how	  many	  panes	  are	  in	  the	  unit	  (Grondzik	  et	  al	  2010).	  	   	  
	  	  	  	  
	   Figure	  58.	  Solar	  Spectrum	  showing	  the	  only	  area,	  in	  green,	  where	  human	  eyes	  
	   can	  respond.	  The	  rest	  of	  the	  spectrum	  is	  not	  visible	  but	  has	  a	  large	  impact	  on	  
	   energy	  performance	  in	  buildings	  (Florida	  Solar	  Energy	  Center,	  2007)	  	  	  
4.11	  WINDOW	  GLASS	  AND	  ENERGY	  	  	   The	  amount	  of	  glass	  in	  the	  windows	  has	  an	  influence	  on	  how	  much	  energy	  the	  building	  uses	  in	  providing	  optimal	  thermal	  comfort	  for	  the	  occupants.	  The	  DOE	  estimates	  that	  the	  average	  American	  household	  spends	  $1500	  -­‐	  $2500	  every	  year	  on	  energy	  bills	  and	  estimates	  that	  45	  percent	  of	  this	  amount	  is	  for	  heating	  and	  cooling	  and	  of	  that,	  the	  amount	  of	  energy	  lost	  annually	  through	  windows	  is	  $30	  billon	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(NFRC	  2012).	  	  	   From	  an	  energy	  standpoint,	  windows	  are	  a	  very	  important	  part	  of	  the	  overall	  building	  envelope	  system	  because	  of	  the	  principle	  of	  conductivity,	  which	  is	  the	  process	  where	  heat	  energy	  is	  transferred	  through	  materials	  by	  molecular	  excitation	  of	  adjacent	  molecules	  (Mazria	  1979).	  It	  is	  measured	  by	  the	  quantity	  of	  heat	  (Btu’s)	  that	  will	  flow	  through	  one	  square	  foot	  of	  material	  in	  on	  hour,	  when	  there	  is	  a	  1-­‐degree	  temperature	  difference	  (Btu/h	  ft2	  0F)	  between	  both	  surfaces	  (Grondzik	  et	  la	  2010).	  Conductive	  heat	  flow	  will	  occur	  in	  the	  direction	  of	  the	  decreasing	  temperature	  since	  higher	  temperatures	  are	  associated	  with	  higher	  molecular	  energy.	  With	  poorly	  insulated	  windows,	  the	  rapidly	  cooling	  air	  around	  a	  window	  in	  winter	  can	  create	  a	  draft	  as	  the	  heated	  air	  that	  circulates	  by	  the	  window	  cools	  and	  falls	  (NFRC	  2012).	  In	  the	  reverse,	  they	  admit	  solar	  heat	  by	  radiation,	  which	  can	  be	  unwanted	  and	  add	  to	  the	  complicated	  overall	  thermal	  analysis.	  Windows	  typically	  have	  the	  highest	  U-­‐Factor	  of	  all	  the	  components	  of	  a	  building	  envelopment	  and	  are	  a	  major	  contributor	  to	  infiltration	  of	  outdoor	  air,	  which	  adds	  to	  winter	  heating	  and	  summer	  cooling	  loads	  (Grondzik	  et	  al	  2010).	  Windows	  and	  glass	  doors	  are	  one	  of	  the	  biggest	  considerations	  in	  designing	  an	  efficient	  building	  envelope	  system.	  	  	  
4.11.1	  Coatings	  	   Coatings	  used	  on	  the	  glazing	  for	  the	  window	  units	  can	  perform	  many	  functions.	  They	  are	  applied	  to	  specific	  sides	  and	  lites	  depending	  on	  the	  desired	  performance	  characteristics.	  	  
	   When	  glass	  absorbs	  heat	  or	  light	  energy,	  it	  can	  either	  be	  convected	  away	  by	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moving	  air	  or	  reradiated	  by	  the	  glass	  surface.	  Emissivity	  is	  the	  ability	  of	  a	  material	  (glass)	  to	  radiate	  this	  energy.	  Depending	  on	  their	  temperature,	  all	  windows	  emit/radiate	  heat	  in	  the	  form	  of	  long-­‐wave,	  far-­‐infrared	  energy.	  This	  emission	  of	  radiant	  heat	  is	  one	  of	  the	  important	  components	  of	  heat	  transfer	  for	  a	  window.	  To	  greatly	  improve	  on	  a	  window’s	  insulating	  properties,	  emittance	  needs	  to	  be	  reduced	  (EWC	  2014).	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Figure	  59.	  Coating	  comparisons	  of	  
SHGC	  and	  Visible	  light	  
transmittance	  with	  U-­‐factor.	  	   	  
	   Standard	  clear	  glass	  has	  an	  emittance	  of	  0.84	  over	  the	  long-­‐wave	  portion	  of	  the	  spectrum,	  meaning	  that	  it	  emits	  84%	  of	  the	  energy	  possible	  for	  an	  object	  at	  its	  temperature	  and	  that	  84%	  of	  the	  long-­‐wave	  radiation	  striking	  the	  surface	  of	  the	  glass	  is	  absorbed	  and	  only	  16%	  is	  reflected	  (Figure	  59).	  Since	  low-­‐E	  glass	  coatings	  can	  have	  an	  emittance	  as	  low	  as	  0.04,	  such	  glazing	  would	  emit	  only	  4%	  of	  the	  energy	  possible	  at	  its	  temperature,	  and	  thus	  reflect	  96%	  of	  the	  incident	  long-­‐wave,	  infrared	  radiation	  (EWC	  2014).	  	  	   The	  first	  low-­‐E	  coatings,	  intended	  mainly	  for	  residential	  applications,	  were	  designed	  to	  have	  a	  high	  solar	  heat	  gain	  coefficient	  (SHGC)	  and	  a	  high	  visible	  transmittance	  to	  allow	  the	  maximum	  amount	  of	  sunlight	  into	  the	  interior	  while	  reducing	  the	  U-­‐factor	  significantly	  (EWC	  2014),	  which	  is	  needed	  in	  a	  cold	  climate	  but	  as	  you	  can	  see	  from	  figure	  59,	  the	  lower	  U-­‐Values,	  typically	  produce	  lower	  SHGC	  numbers.	  	  New	  developments	  in	  windows	  have	  produced	  products	  that	  have	  a	  low	  U-­‐factor	  (U	  -­‐0.17)	  while	  maintaining	  a	  high	  SHGC	  of	  .55,	  which	  will	  be	  used	  in	  this	  research	  study.	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Figures	  61-­‐65	  are	  infrared	  images	  of	  5	  different	  types	  of	  tested	  insulated	  glass	  with	  the	  exterior	  temperature	  at	  0	  degrees	  F	  with	  a	  simulated	  12	  mph	  wind.	  The	  interior	  temperature	  when	  tested	  was	  72	  degrees	  F	  with	  the	  color	  coding	  thermal	  gradient	  shown	  in	  figure	  60.	  These	  images	  are	  from	  the	  Meshulam:	  Infrared	  Lab	  at	  Lawrence	  Berkeley	  Laboratory	  (2014).	  	  
	  
Figure	  60.	  The	  color	  coding	  for	  the	  thermal	  gradient	  for	  the	  following	  windows	  in	  
figures	  61-­‐	  65	  and	  all	  from	  the	  source;(	  Meshulam	  2014)	  	  	  	  	  
	  
Figure	  61.	  	  	  Glass	  Type	  1	  	  	   	  	  	  	  
Figure	  61	  is	  Glass	  Type	  1	  and	  was	  a	  1″	  insulated	  with	  2	  panes	  with	  a	  clear	  non-­‐coated	  krypton	  filled	  and	  aluminum	  spacer	  with	  the	  top	  edge	  of	  the	  glass	  recording	  35°F	  and	  at	  the	  bottom	  edge	  of	  glass,	  21°F.	  This	  was	  the	  only	  glass	  type	  using	  an	  aluminum	  spacer.	  When	  compared	  to	  the	  use	  of	  a	  foam	  spacer	  in	  the	  other	  examples	  to	  follow,	  the	  aluminum	  spaces	  is	  14-­‐17°F	  colder	  at	  the	  bottom,	  which	  is	  generally	  the	  coldest	  part	  of	  any	  insulated	  glass	  unit	  to	  begin	  with	  (Meshulam	  2014).	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Figure	  62.	  	  Glass	  Type	  2	  	  	  	  	  	  	  	  	  	  
	  
Figure	  63.	  	  Glass	  Type	  3	  
	  
	  
	  
Figure	  62	  is	  Glass	  Type	  2	  and	  was	  a	  1″	  insulated	  window	  with	  2	  lites,	  a	  clear	  non-­‐coated	  krypton	  filled	  unit	  and	  had	  a	  foam	  spacer.	  The	  top	  edge	  of	  glass	  recorded	  48°F	  and	  the	  bottom	  edge	  of	  glass	  was	  35°F.	  	  Using	  krypton	  gas	  provides	  better	  insulating	  properties	  than	  dry	  air,	  which	  is	  more	  commonly	  used	  in	  glass	  airspaces.	  Argon	  gas	  is	  also	  used	  for	  the	  purpose	  of	  improving	  insulated	  glass	  but	  both	  can	  reduce	  the	  SHGC,	  which	  might	  be	  a	  determent.	  	  Higher	  altitude	  applications	  need	  to	  beware	  of	  the	  type	  of	  gas	  used	  in	  window	  units	  (Meshulam	  2014).	  
Figure	  63	  is	  Glass	  type	  3	  and	  utilizes	  1″	  insulated	  2	  lites	  of	  clear	  glass	  with	  side	  1	  having	  a	  Low-­‐E	  coating	  and	  is	  filled	  with	  krypton	  and	  has	  a	  foam	  spacer.	  The	  top	  edge	  of	  glass	  measured	  48°F	  while	  the	  bottom	  edge	  of	  glass	  was	  36°F.	  	  Using	  two	  Low-­‐E	  coatings	  instead	  of	  one	  allowed	  for	  better	  reflecting	  of	  outside	  infrared	  rays	  while	  retaining	  room	  side	  heat	  (Meshulam	  2014).	  .	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Figure	  64.	  	  Glass	  Type	  4	  	  	  	  	  	  
	  
Figure	  65.	  	  Glass	  Type	  5	  
	  
	   	  
	   This	  is	  a	  new	  glass	  development	  and	  it	  potentially	  has	  the	  best	  combination	  of	  performance	  and	  cost	  once	  the	  technology	  is	  perfected.	  Glass	  Type	  4	  performs	  
Figure	  64	  is	  Glass	  Type	  4	  and	  is	  an	  insulated	  unit	  with	  an	  unknown	  thickness	  with	  4	  lites;	  one	  clear	  and	  the	  other	  three	  have	  Low-­‐E	  coatings	  with	  a	  krypton	  filled	  interior	  and	  a	  foam	  spacer.	  The	  top	  edge	  of	  glass	  read	  41°F	  and	  the	  bottom	  edge	  of	  the	  glass	  measured	  38°F.	  	  	  	  This	  can	  be	  costly	  solution	  from	  both	  a	  material	  and	  labor	  standpoint	  since	  the	  1/4″	  thick	  glass	  weighs	  3.2	  pounds	  per	  square	  foot.	  A	  4′	  x	  8′	  unit,	  such	  as	  what	  we	  use	  in	  window-­‐walls,	  would	  weigh	  over	  400	  pounds.	  That	  requires	  a	  lot	  of	  manpower	  and	  equipment	  to	  install,	  dramatically	  increasing	  cost	  (Meshulam	  2014).	  
Figure	  64	  is	  Glass	  Type	  5	  and	  is	  an	  insulated	  unit	  with	  an	  unknown	  thickness.	  It	  has	  2	  lites	  that	  are	  clear	  (no	  coating)	  and	  has	  a	  vacuum	  fill	  space	  between	  the	  lites.	  Ceramic	  pillar	  spacers	  (the	  dots	  in	  the	  image)	  were	  used	  and	  the	  edge	  spacer	  is	  unknown.	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very	  well,	  but	  there	  are	  excessive	  material	  and	  labor	  costs,	  especially	  in	  large	  window	  sizes	  (Meshulam	  2014).	  	  	  	   There	  are	  so	  many	  variations	  of	  windows	  dynamics	  that	  need	  to	  be	  considered	  when	  specifying	  windows	  in	  a	  project	  as	  shown	  in	  the	  previous	  images.	  A	  lot	  of	  energy	  may	  be	  wasted	  and	  lost	  if	  bad	  glazing	  choices	  are	  made	  as	  illustrated	  in	  Table	  27.	  Site	  location,	  climate,	  and	  location	  on	  the	  structure	  all	  influence	  what	  the	  right	  choice	  should	  be.	  	  	  
THERMAL	  HEAT	  TRANSFER	  WITH	  DIFFERENT	  GLAZINGS	  AND	  COATINGS	  	  
	  	  
	   	   	   Table	  28.	  Measured	  results	  from	  4	  different	  glazing	  units	  	  
	   	   	   (http://www.efficientwindows.org/comfort.php)	  
	  
	  
	  
	  
4.11.2	  Energy	  Star	  Certification	  	  	   When	  the	  window	  is	  also	  Energy	  Star	  rated	  it	  will	  appear	  with	  the	  NFRC	  label	  (Figure	  66).	  The	  Energy	  Star	  certification	  is	  an	  Environmental	  Protection	  Agency	  voluntary	  program	  that	  helps	  customers	  strive	  for	  superior	  energy	  efficiency	  and	  
	   132	  
performance	  and	  greenhouse	  gas	  reductions	  (EnergyStar.gov	  2014).	  	  	  
	  
Figure	  67	  Both	  NFRC	  (bottom	  portion)	  and	  Energy	  Start	  Certified	  
Window	  Product	  Label	  (top	  portion)	  (Energystar.gov	  2014).	  	  	  	   	  
4.12	  DETERMINING	  THE	  RIGHT	  FENESTATION	  PRODUCT	   	  	   When	  determining	  what	  values	  are	  needed	  for	  each	  of	  the	  desired	  properties,	  climate	  is	  a	  major	  consideration.	  There	  are	  general	  specification	  guidelines	  from	  the	  non-­‐profit	  organization	  through	  the	  University	  of	  Minnesota	  Efficient	  Windows	  Collaborative	  (EWC	  2014).	  	  They	  suggest	  that	  in	  a	  northern	  climate	  (refer	  to	  Energy	  Star	  Map,	  Figure	  67)	  where	  heating	  loads	  are	  the	  concern,	  the	  desired	  product	  for	  the	  south	  facing	  windows	  should	  have	  the	  highest	  solar	  heat	  gain	  coefficient	  (SHGC),	  usually	  0.30-­‐0.60,	  and	  lowest	  U-­‐factor	  (at	  least	  below	  .30)	  so	  that	  winter	  solar	  gains	  can	  offset	  a	  portion	  of	  the	  heating	  energy	  needs	  while	  still	  being	  insulated.	  	  For	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other	  than	  south	  windows	  the	  SHGC	  is	  not	  as	  important	  but	  the	  U-­‐value	  stills	  needs	  to	  be	  as	  low	  as	  possible	  (EWC	  2014).	  	   For	  a	  north	  central/central	  climate	  where	  there	  is	  a	  need	  to	  offset	  air-­‐conditioning	  costs	  or	  when	  summer	  overheating	  problems	  occur,	  SHGC	  values	  for	  south	  facing	  windows	  around	  0.40	  are	  desirable	  and	  all	  other	  windows	  should	  just	  have	  a	  low	  U-­‐value.	  While	  windows	  with	  lower	  SHGC	  values	  reduce	  summer	  cooling	  and	  overheating,	  they	  also	  reduce	  the	  highly	  desirable	  free	  winter	  solar	  heat	  gain	  when	  available.	  In	  south	  central	  climates	  where	  moderate	  air-­‐conditioning	  requirements	  need	  to	  be	  addressed,	  windows	  with	  an	  SHGC	  of	  0.55	  or	  less	  are	  recommended.	  While	  windows	  with	  lower	  SHGC	  values	  reduce	  summer	  cooling	  and	  overheating,	  they	  also	  reduce	  free	  winter	  solar	  heat	  gain,	  which	  can	  have	  a	  big	  impact	  on	  reducing	  heating	  loads	  (EWC	  2014).	  	   A	  southern	  climate	  has	  the	  most	  important	  window	  property	  characteristics.	  Select	  windows	  with	  an	  SHGC	  less	  than	  0.40.	  This	  is	  another	  major	  factor	  in	  higher	  energy	  costs,	  especially	  in	  areas	  of	  the	  world	  that	  experience	  very	  high	  temperatures.	  Windows	  with	  lower	  Solar	  Heat	  Gain	  Coefficient	  (SHGC)	  will	  lessen	  this	  effect	  and	  improve	  the	  ability	  to	  efficiently	  keep	  a	  room	  cool	  in	  the	  summer,	  but	  at	  the	  same	  time	  can	  lessen	  the	  ability	  for	  these	  gains	  to	  help	  in	  the	  winter	  (EWC	  2014).	  	   Each	  climate	  zone	  has	  its	  own	  requirements	  and	  standards	  for	  VT,	  SHGS,	  and	  AL	  for	  a	  window	  and	  door	  to	  meet	  in	  order	  to	  be	  a	  certified	  Energy	  Star	  product.	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Figure	  67.	  An	  Energy	  Star	  qualified	  window	  label	  showing	  the	  different	  climate	  zones	  
and	  fenestration	  requirements	  (EnergyStar.gov).	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4.13	  DAYLIGHTING	  	  	   Since	  the	  need	  to	  take	  advantage	  of	  daylighting	  in	  buildings	  has	  grown	  over	  the	  past	  few	  years	  because	  of	  the	  potential	  economic	  savings	  in	  reducing	  the	  use	  of	  electric	  lighting,	  new	  coatings	  and	  films	  are	  being	  created.	  	  The	  use	  of	  spectrally	  selective	  glass	  and	  films	  with	  special	  properties	  that	  actually	  block	  or	  re-­‐radiate	  the	  IR	  energy	  from	  the	  sun	  can	  reduce	  solar	  gain	  through	  the	  windows,	  while	  maintaining	  higher	  levels	  of	  visible	  light	  transmittance.	  The	  special	  coating	  can	  select	  out	  only	  the	  visible	  radiation	  to	  be	  allowed	  inside.	  Thus	  the	  solar	  heat	  gain	  through	  an	  insulated	  window	  can	  be	  dropped	  to	  half	  what	  it	  would	  be	  for	  single	  pane	  clear	  glass,	  without	  significant	  reduction	  of	  the	  admitted	  daylight	  (NFRC	  2012).	  The	  image	  in	  Figure	  68	  illustrates	  how	  the	  appropriate	  use	  of	  windows	  can	  provide	  an	  excellent	  source	  of	  free	  lighting	  and	  help	  illuminate	  spaces	  without	  consuming	  electricity.	  	  	  	  
	  
Figure	  68.	  A	  reading	  room	  making	  use	  of	  appropriate	  placed	  windows	  
that	  provide	  plenty	  of	  natural	  lighting	  for	  reading	  without	  glare	  or	  
solar	  radiation	  heat	  gain.	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4.14	  IMPROVING	  COMFORT	  	  
	   In	  winter	  inefficient	  windows	  can	  create	  the	  feeling	  of	  a	  draft	  due	  to	  the	  warm	  air	  that	  is	  near	  a	  cold	  pane	  of	  glass	  quickly	  cooling,	  falling,	  and	  creating	  a	  cycle	  of	  moving	  air	  (NFRC	  2012).	  	  Windows	  and	  doors	  with	  lower	  U-­‐factor	  ratings	  will	  lessen	  this	  effect	  by	  reducing	  the	  feeling	  of	  draft,	  and	  in	  return,	  lower	  heating	  bills.	  	   In	  summer,	  inefficient	  windows	  can	  inadequately	  prevent	  heat	  gains	  through	  conduction	  and	  solar	  radiation	  from	  directly	  influencing	  the	  amount	  of	  heat	  allowed	  in	  making	  cooling	  the	  interior	  much	  more	  difficult	  and	  ineffective	  (NFRC	  2012).	  Heat	  gain	  is	  the	  gross	  amount	  of	  heat	  that	  is	  introduced	  into	  a	  space	  from	  incoming	  radiation,	  air	  infiltration,	  ventilation,	  and/or	  from	  other	  internal	  sources	  (Brown	  and	  Decay	  2001).	  	  	   Yet	  another	  important	  aspect	  of	  the	  building	  envelope	  is	  flashing	  and	  sealing	  around	  the	  window	  perimeter.	  Maintaining	  the	  integrity	  of	  the	  building	  envelope	  at	  the	  window-­‐to-­‐wall	  interface	  is	  a	  critical	  task	  in	  all	  building	  design	  projects,	  and	  one	  of	  the	  most	  challenging	  building	  tasks	  during	  the	  construction	  process	  and	  can	  mistakes	  can	  easily	  go	  unnoticed	  once	  the	  windows	  are	  installed.	  	  
	  
4.15	  SUPER	  WINDOWS	  	  
 The	  fenestration	  industry	  addressed	  issues	  related	  to	  energy	  efficiency	  during	  the	  energy	  crises	  of	  the	  1970s.	  Next-­‐generation	  windows	  have	  substantial	  potential	  to	  reduce	  energy	  consumption	  in	  buildings	  but	  any	  next-­‐generation	  technologies	  have	  to	  be	  developed	  with	  an	  emphasis	  on	  achieving	  a	  market-­‐acceptable	  installed	  cost	  to	  facilitate	  mass-­‐market	  adoption	  (Sawyer	  2014).	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 High-­‐performance	  windows	  are	  now	  available	  in	  a	  wide	  variety	  of	  products	  and	  configurations	  and	  there	  are	  over	  4,000	  different	  window	  manufacturers	  in	  the	  United	  States	  alone	  (Pahl	  2005)	  manufacturing	  them	  (Figure	  69-­‐70).	  	  These	  new	  products	  are	  starting	  to	  have	  an	  impact	  on	  possible	  energy	  savings	  due	  to	  reduced	  heat	  loss	  and	  gain.	  	  	  
                                     	  
	   	   	  	  	   	  
4.16	  FINDING	  THE	  APPROPRIATE	  PRODUCTS	  	  	   Wasco,	  the	  manufacturer,	  of	  the	  super	  windows	  used	  for	  this	  research	  (to	  be	  discussed	  more	  in	  depth	  Chapter	  6.2.3)	  was	  chosen	  for	  its	  innovation	  and	  attention	  to	  the	  details	  and	  the	  balance	  between	  the	  U-­‐Factor	  and	  SHGC.	  Since	  there	  are	  so	  many	  manufactures	  of	  windows	  in	  the	  US,	  Wasco	  was	  found	  using	  the	  Efficient	  Window	  Collaborative	  web	  site,	  an	  independent	  non-­‐profit	  organization,	  which	  
Figure	  70.	  A	  super	  window	  illustration	  
where	  there	  are	  multiple	  layers	  of	  glass	  
with	  other	  energy-­‐efficient	  measures	  like	  
low-­‐e	  coatings	  and	  gas	  fills	  with	  insulated	  
fiberglass	  frames	  with	  R-­‐	  14	  values.	  	  	  
Figure	  69	  Example	  of	  a	  heat	  mirror	  
window	  combining	  high-­‐transparency	  
plastic	  suspended	  between	  two	  panes	  of	  
glass	  that	  measures	  up	  to	  R-­‐7	  or	  a	  U	  
factor	  of	  0.14.	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specializes	  on	  fenestration.	  	  The	  Efficient	  Window	  Collaborative	  Window	  Selection,	  Tool	  (2014)	  with	  its	  consumer	  friendly	  website,	  (Figure	  71-­‐75)	  showed	  one	  relative	  new	  product	  in	  the	  low-­‐E	  technology	  area	  called	  a	  heat	  mirror	  (Figure	  69).	  The	  product	  is	  constructed	  by	  suspending	  low-­‐E	  film	  between	  panes	  of	  insulated	  glass.	  It	  is	  a	  high-­‐tech	  glazing	  material	  whose	  energy	  efficiency	  can	  exceed	  that	  of	  triple-­‐pane	  windows	  (EWC	  2014).	  	  	  	  
	  
Figure	  71.	  	  Step	  one	  on	  the	  Efficient	  Windows	  Collaborative	  Window	  Selection	  Tool	  
(2014)	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   Figure	  72.	  Step	  2	  After	  picking	  Minnesota,	  2	  story	  and	  windows	  on	  screen	  one,	  site	  
orientation	  was	  picked.	  (EWC	  2014)	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   Figure	  73.	  This	  is	  just	  a	  partial	  listing	  as	  the	  interest	  is	  just	  in	  top	  performing	  windows.	  	  
Knowing	  there	  was	  a	  need	  for	  a	  high	  SHGC,	  18	  was	  chosen	  to	  pick	  a	  manufacture	  
(EWC	  2014)	  
 
 
 
 
 
	   Figure	  74.	  	  Possible	  manufacturers	  for	  the	  appropriate	  windows	  (EWC	  2014)	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   Figure	  75.	  Each	  manufacturer’s	  qualifying	  products.	  (Web	  site	  to	  access	  more	  
information,	  EWC,	  2014)	  
 
 
 
 As	  is	  noticeable	  from	  the	  illustrations,	  the	  web	  site	  is	  easy	  to	  use	  and	  can	  help	  find	  appropriate	  products	  without	  much	  work.	  This	  is	  important	  for	  consumer	  acceptance	  and	  viability	  at	  the	  same	  time	  finding	  superior	  products	  that	  may	  have	  gone	  unnoticed	  in	  a	  typical	  consumer	  Google	  search.	  
 
4.17	  FENESTRATION	  PERFORMANCE	  WITH	  MOVABLE	  INSULATION	  	  
	  	   Heat	  retention	  or	  prevention	  is	  a	  simple,	  old	  age	  technology	  operating	  on	  the	  principle	  of	  thermal	  (heat)	  insulation	  to	  retain	  heat	  in	  a	  contained	  area	  or	  to	  prohibit	  heat	  from	  entering	  an	  area.	  Some	  of	  the	  basic	  and	  most	  important	  applications	  in	  the	  households	  include	  cooking	  (for	  instance	  simmering	  rice),	  keeping	  food	  warm,	  storage	  of	  hot	  water,	  or	  preventing	  heat	  old	  from	  escaping	  from	  a	  room	  in	  the	  winter	  (CCHRC	  2011).	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   Heat	  retention	  or	  prevention	  has	  a	  big	  potential	  for	  cost	  effective	  conservation	  of	  energy	  consumption	  in	  both	  hot	  and	  cold	  climates.	  In	  addition,	  this	  technology	  is	  very	  essential	  for	  harnessing	  energy	  from	  renewable	  sources	  such	  as	  solar	  energy	  (Figure	  76).	  However,	  materials	  for	  heat	  insulation	  and	  system	  design	  have	  to	  be	  optimized	  in	  order	  to	  perform	  within	  the	  expectations	  of	  the	  users.	  Some	  materials	  for	  insulation	  include:	  unused	  old	  blankets/clothes,	  sheep	  wool,	  hay,	  rice	  straw,	  feathers,	  cotton,	  cardboard	  and	  other	  locally	  available	  materials	  that	  will	  act	  like	  insulators	  (CCHRC	  2011).	  	  
	  
Figure	  76.	  A	  design	  of	  movable	  insulation	  for	  managing	  cooling	  and	  heating	  loads	  
(CCHRC	  2011)	  
	  
	  	   The	  amount	  of	  heat	  loss	  and	  gain	  through	  windows	  and	  doors	  is	  measurable	  to	  the	  point	  that	  it	  is	  difficult	  if	  not	  impossible	  to	  reach	  NetZero	  in	  a	  cold	  climate	  without	  its	  use.	  	  Movable	  insulation	  provides	  a	  method	  to	  retain	  wanted	  solar	  radiation	  heat	  gains	  from	  the	  day	  during	  the	  winter	  and	  prevent	  that	  same	  heat	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gains	  during	  the	  summer	  (Figure	  77).	  	  	  
	  
	   Figure	  77.	  	  Examples	  of	  how	  movable	  insulation	  works	  
	   (http://greendesigncollective.com/green/heating.html)	  	  	  	  	   In	  a	  case	  study	  done	  by	  the	  Cold	  Climate	  Housing	  Research	  Center	  in	  Alaska,	  (2011)	  they	  found	  that	  exterior	  insulation	  over	  the	  windows	  and	  doors	  worked	  the	  best	  for	  insulation	  values	  compared	  to	  other	  methods	  of	  window	  coverings	  while	  keeping	  condensation	  to	  a	  minimum	  (Table	  29).	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Table	  29.	  Options	  where	  graded	  on	  6	  criteria	  shown	  here	  (CCHRC	  2011)	  	  	  
4.18	  	  	  SUMMARY	  
	   The	  value	  of	  using	  the	  appropriate	  fenestration	  products	  in	  the	  appropriate	  place	  (site,	  climate,	  direction)	  have	  an	  important	  impact	  on	  not	  only	  heat	  loss	  but	  capitalize	  on	  the	  possible	  heat	  gains	  to	  reduce	  the	  overall	  consumption	  of	  consumer	  utility	  companies.	  The	  most	  appropriate	  way	  of	  accomplishing	  this	  is	  with	  using	  effective,	  movable	  insulation	  along	  with	  the	  right	  fenestration	  products	  and	  that	  are	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integrated	  into	  the	  overall	  design	  of	  the	  given	  structure.	  	  The	  bottom	  line	  is	  a	  cost	  reduction	  in	  maintenance	  and	  energy	  use,	  reducing	  the	  impact	  to	  the	  environment	  and	  the	  consumer’s	  wallet.	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CHAPTER	  5	  FOUNDATIONS	  
	  
5.1	  INTRODUCTION	  	   The	  importance	  of	  establishing	  a	  good	  and	  solid	  foundation	  should	  be	  first	  and	  foremost	  to	  the	  beginning	  of	  any	  venture,	  whether	  it	  is	  for	  a	  building,	  a	  new	  business,	  a	  new	  adventure	  or	  a	  concept	  to	  live	  by.	  	  	  	   “Humility	  is	  the	  solid	  foundation	  of	  all	  virtues.”	  Confucius	  	   “Good	  order	  is	  the	  foundation	  of	  all	  things.”	  Edmund	  Burke	  	   “Disobedience	  is	  the	  true	  foundation	  of	  liberty.”	  Henry	  David	  Thoreau.	  	   	  	   Since	  some	  type	  of	  foundation	  is	  at	  the	  beginning	  of	  most	  processes	  this	  paper	  starts	  with	  an	  explanation	  of	  what	  this	  means	  in	  a	  built	  structure	  and	  then	  narrow	  the	  investigation	  to	  a	  specific	  type	  of	  foundation	  for	  a	  structure,	  the	  Frost	  Protected	  Shallow	  Foundation.	  	  
5.2	  DEFINITION	  OF	  THE	  FROST	  PROTECTED	  SHALLOW	  FOUNDATION	   	  	   A	  Frost	  Protected	  Shallow	  Foundation	  (FPSF)	  is	  a	  foundation	  alternative	  to	  a	  conventional	  foundation	  type	  for	  areas	  with	  seasonal	  ground	  freezing	  and	  ground	  heaving	  potential	  (Figure	  1).	  A	  FPSF	  uses	  strategically	  placed	  insulation	  to	  effectively	  raise	  the	  frost	  depth	  for	  the	  desired	  site	  location	  around	  the	  building	  (ASCE	  2001,	  25).	  	  The	  raising	  of	  the	  frost	  depth	  allows	  for	  shallower	  foundations	  in	  cold	  climates,	  sometimes	  as	  shallow	  as	  12”	  –	  16”	  for	  almost	  all	  areas	  of	  the	  continental	  U.S.	  (NAHB	  2004).	  The	  relationships	  between	  frost	  line	  and	  depth	  of	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foundation	  also	  relates	  to	  the	  economic	  impacts	  and	  advantages	  of	  using	  a	  FPSF.	  It	  is	  a	  design	  concept	  that	  is	  gaining	  acceptance	  due	  to	  its	  insulation	  benefits,	  energy	  efficiency,	  and	  cost	  effectiveness,	  which	  will	  be	  described	  in	  later	  sections	  of	  this	  chapter.	  	  
	  
	   Figure	  78.	  Frost	  Protected	  Shallow	  Foundation	  (left)	  Conventional	  Foundation	  	   (right)	  
designed	  for	  a	  climate	  with	  an	  Air	  Freezing	  Index	  of	  20000	  with	  a	  100-­‐Year	  Return	  
(winter)	  period	  (http://buildipedia.com/aec-­‐pros/construction-­‐materials-­‐and-­‐
methods/slabs-­‐for-­‐colder-­‐climates-­‐2-­‐installing-­‐frost-­‐protected-­‐shallow-­‐foundations-­‐
for-­‐heated-­‐buildings)	  
	  
	  
	  
	  
5.3	  HISTORY	  OF	  THE	  FROST	  PROTECTED	  SHALLOW	  FOUNDATION	  	   In	  cold	  weather	  climates	  traditional	  building	  construction	  foundations	  are	  protected	  from	  frost-­‐heave	  damage	  by	  placing	  the	  footing	  below	  the	  frost	  line.	  This	  practice	  has	  been	  used	  for	  quite	  some	  time	  around	  the	  world,	  even	  though	  we	  could	  have	  used	  information	  from	  ancient	  Laplanders	  who	  used	  a	  similar	  FPSF	  concept	  of	  placing	  stonewalls	  that	  rested	  directly	  on	  top	  of	  the	  frozen	  ground,	  piling	  snow	  against	  the	  exterior	  walls	  for	  insulating	  purposes,	  and	  keeping	  a	  fire	  inside	  to	  keep	  the	  ground	  warm	  and	  from	  incurring	  damage	  from	  frost	  heave	  (Chiras	  2002,	  56).	  In	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the	  1930’s	  Frank	  Lloyd	  Wright	  used	  a	  similar	  technique	  to	  the	  Laplanders	  (Morris	  1988)	  and	  expanded	  the	  concept	  further	  in	  the	  1940’s	  and	  1950’s,	  for	  the	  Usonian	  home	  where	  the	  foundation	  slabs	  were	  laid	  just	  6”	  below	  grade	  and	  included	  heat	  ducts	  around	  the	  slab	  edge	  (Eid	  1998)	  to	  keep	  the	  ground	  from	  freezing.	  	  	   Buildings	  with	  very	  shallow	  foundations,	  similar	  to	  the	  Laplander	  concept,	  can	  be	  built	  in	  cold	  climates	  by	  using	  enough	  insulation	  around	  the	  foundation	  to	  keep	  the	  ground	  from	  freezing	  and	  thus	  heaving	  (NAHB	  2004).	  The	  Frosted	  Protected	  Shallow	  Foundation	  was	  researched,	  designed	  and	  built	  in	  a	  region	  of	  the	  world	  where	  it	  would	  be	  used	  most	  often.	  Morris	  (1988)	  reported	  that	  the	  largest	  use	  of	  FPSP	  has	  been	  in	  Scandinavian	  countries	  in	  more	  than	  one	  million	  homes	  since	  1960,	  when	  they	  were	  first	  introduced.	  Since	  then,	  extensive	  use	  in	  the	  early	  1970’s	  for	  both	  residential	  and	  commercial	  buildings	  has	  produced	  a	  best	  practices	  design	  guideline	  for	  Nordic	  countries	  (ASCE	  32-­‐01	  2001).	  	  More	  recently,	  there	  has	  been	  the	  development	  of	  a	  European	  standard	  (CEN	  1996)	  for	  FPSF’s,	  which	  was	  used	  in	  developing	  the	  NAHB	  Research	  Center	  guidelines	  for	  testing	  and	  design	  (NAHB	  1994).	  Now	  buildings	  with	  very	  shallow	  foundations,	  similar	  to	  the	  Laplander	  concept,	  are	  being	  built	  in	  the	  United	  States	  in	  cold	  climates	  by	  using	  enough	  insulation	  around	  the	  foundation	  to	  keep	  the	  ground	  from	  freezing	  and	  thus	  heaving	  (NAHB	  2004).	  Different	  variations	  are	  possible	  depending	  on	  the	  needs	  of	  the	  project;	  like	  slab	  on	  grade,	  crawlspace,	  walkout	  basements,	  heated,	  and	  non-­‐heated	  plus	  variations	  of	  those	  listed.	  They	  can	  be	  built	  using	  different	  materials	  like	  concrete,	  treated-­‐wood,	  insulating	  concrete	  forms	  and	  any	  other	  material	  that	  suitable	  for	  a	  foundation	  (ASCE	  32-­‐01	  2001,	  25).	  This	  concept	  is	  also	  being	  used	  in	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the	  design	  of	  highways,	  railroads,	  earth	  embankments	  and	  other	  below	  ground	  infrastructure	  requirements.	  	   To	  verify	  the	  technology	  in	  the	  United	  States	  for	  the	  NAHB	  guidelines,	  five	  test	  homes	  were	  constructed	  in	  Vermont,	  Iowa,	  North	  Dakota,	  and	  Alaska.	  The	  homes	  were	  instrumented	  with	  automated	  data	  logging	  systems.	  They	  monitored	  ground,	  foundation,	  slab,	  indoor,	  and	  outdoor	  temperatures	  at	  specific	  foundation	  location.	  The	  European	  standard	  also	  validated	  the	  results	  in	  the	  United	  States	  through	  testing;	  insulated	  foundation	  and	  footings	  prevent	  the	  soil	  from	  freezing	  and	  heaving	  even	  under	  extreme	  climates	  and	  soils	  conditions	  (HUD,	  1993).	  	   “Many	  local	  code	  jurisdictions	  in	  the	  United	  States	  already	  accept	  the	  technology,"	  according	  to	  Dick	  Morris	  of	  NAHB,	  who	  has	  worked	  to	  have	  model	  building	  codes	  approve	  the	  use	  of	  FPSF’s.	  	  The	  Council	  of	  American	  Building	  Officials	  approved	  the	  technology	  in	  the	  CABO	  1&2-­‐Family	  Dwelling	  Code	  in	  1995,	  the	  American	  Society	  of	  Civil	  Engineers	  approved	  the	  FPSF	  standard	  ASCE	  32-­‐01	  in	  2001,	  the	  International	  Code	  Council	  adopted	  the	  standard	  for	  all	  residential	  and	  commercial	  construction	  in	  the	  2003	  International	  Building	  Code	  and	  International	  Residential	  Code	  and	  the	  International	  Energy	  Code	  Council	  have	  set	  standards	  for	  use	  of	  Frost	  Protected	  Shallow	  Foundation	  in	  energy	  efficient	  structures	  in	  2012	  (Morris	  and	  Crandell	  2001).	  	  
	  
5.4	  A	  BUILDING	  FOUNDATION	  EXPLAINED	  	  	   Allen	  and	  Iano,	  	  (2009,	  969)	  define	  the	  term	  “foundation”	  as	  the	  portion	  of	  a	  building	  that	  transmits	  structural	  loads	  from	  the	  building	  to	  the	  earth.”	  It	  is	  the	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lowest	  layer	  of	  a	  building	  structure	  and	  the	  first	  thing	  constructed	  while	  usually	  invisible	  and	  unnoticeable	  to	  those	  on	  the	  outside	  looking	  at	  the	  building	  even	  though	  it	  is	  one	  of	  the	  most	  important	  parts	  of	  any	  structure.	  	   Every	  building	  must	  have	  a	  foundation	  of	  some	  kind	  and	  it	  needs	  to	  be	  sufficiently	  strong	  enough	  to	  support	  the	  structure	  built	  over	  it	  otherwise,	  at	  some	  point,	  the	  foundation	  will	  produce	  structural	  problems	  to	  the	  building	  it	  supports.	  (Carmody	  et	  al	  2009,	  1)	  In	  the	  United	  States,	  the	  type	  of	  building	  foundation	  is	  designed	  according	  to	  the	  adopted	  IBC	  (International	  Building	  Code),	  and/or	  local	  building	  code.	  According	  to	  Allen	  and	  Iano	  (2009,	  30)	  the	  foundation	  must	  meet	  three	  separate	  requirements	  to	  perform	  its	  function	  properly.	  The	  first	  requirement	  is	  that	  it	  must	  be	  designed	  to	  be	  safe	  against	  a	  structural	  failure	  that	  could	  result	  in	  a	  collapse,	  the	  second	  is	  that	  it	  must	  not	  settle	  in	  such	  a	  way	  to	  cause	  a	  failure	  or	  damage	  to	  the	  building	  and	  lastly,	  it	  must	  be	  feasible,	  economical	  and	  practical.	  	  Oftentimes,	  an	  engineer	  will	  specify	  and	  design	  the	  appropriate	  foundation	  for	  the	  building	  type	  given	  the	  nature	  of	  the	  earth	  and	  soil	  under	  the	  structure	  and	  the	  local	  environmental	  conditions.	  	  	   Safe	  and	  effective	  foundation	  design	  is	  influenced	  by	  the	  geographic	  location	  in	  which	  the	  structure	  will	  be	  built.	  Knowing	  the	  soil	  and	  sub-­‐surface	  conditions	  of	  the	  area	  and	  under	  the	  foundation	  (Gromicko	  and	  Shepard	  2014)	  is	  very	  important	  as	  different	  soils	  settle	  differently	  relative	  to	  their	  bearing	  capacity	  as	  shown	  on	  the	  graph	  provided	  by	  Lockwood	  (2003).	  The	  soil	  needs	  to	  be	  stable	  enough	  so	  the	  foundation	  stays	  leveled	  and	  supports	  the	  building	  in	  such	  a	  way	  to	  prevent	  uneven	  settling	  (Figure	  79)	  .	  	  If	  the	  ground	  shifts,	  settles	  unevenly,	  or	  heaves,	  severe	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building	  damage	  can	  result.	  Since	  all	  foundations	  settle,	  the	  goal	  is	  to	  control	  and	  eliminate	  it	  as	  much	  as	  possible.	  	   	  	  
	  
	  	  	  	  	  	  Figure	  79.	  Different	  types	  of	  soil	  settlement	  strength	  comparisons	  (Lockwood,	  
2003)	  
	  
	  
	  	   The	  water	  table	  depth	  and	  the	  frost	  line	  depth	  also	  play	  a	  major	  role	  in	  traditional	  foundation	  design	  strategies	  as	  they	  dictate	  how	  far	  into	  the	  ground	  the	  foundation	  footings	  must	  be	  placed.	  	  More	  will	  be	  discussed	  on	  this	  in	  section	  5.9.	  	   Good	  foundation	  design	  and	  construction	  practices	  include	  the	  appropriate	  use	  of	  insulation	  materials	  that	  save	  energy,	  provide	  protection	  systems	  that	  guard	  against	  moisture	  and	  termite	  penetration,	  and	  provide	  for	  the	  use	  of	  radon	  controlling	  techniques	  (Carmody	  et	  al	  2009,	  1).	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5.5	  FOUNDATION	  DESIGN	  	  	   Traditionally	  foundations	  are	  divided	  into	  two	  categories:	  shallow	  foundations	  and	  deep	  foundations.	  Deep	  foundations	  are	  typically	  using	  in	  large	  multi-­‐story	  buildings	  (Figure	  80).	  Since	  most	  residential	  buildings	  use	  shallow	  foundations,	  the	  chapter	  will	  focus	  on	  the	  various	  types	  of	  shallow	  foundations	  available.	  
  
	   	   	   Figure	  80.	  Example	  of	  a	  deep	  foundation	  	  
	   	   	   (Crescent	  Bay	  Karachi,	  www.flicker.com)	  	   	  	   The	  four	  basic	  types	  of	  residential	  foundations	  are	  the	  full	  basement,	  submerged	  crawl	  space,	  flush	  crawl	  space,	  and	  slab-­‐on-­‐grade	  (Figure	  81).	  	  The	  deepest	  foundation	  of	  these	  four	  is	  the	  full	  basement	  which	  is	  typically	  used	  in	  areas	  wherever	  the	  frost	  line	  is	  at	  a	  depth	  near	  or	  below	  6’,	  thus	  not	  adding	  much	  to	  the	  cost	  of	  a	  foundation	  but	  adding	  quite	  a	  bit	  of	  livable	  square	  footage	  area.	  Actual	  houses	  may	  include	  combinations	  of	  these	  foundation	  types.	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Figure	  81.	  Basic	  foundation	  types	  (Oak	  Ridge	  Labs)	  
	  
	  	  
5.6	  FOUNDATION	  CONSTRUCTION	  SYSTEMS	  	  	   There	  are	  several	  construction	  methods	  available	  to	  construct	  each	  foundation	  type.	  The	  most	  common	  systems,	  cast-­‐in-­‐place	  concrete	  and	  concrete	  block	  foundation	  walls,	  can	  be	  used	  for	  all	  four	  basic	  foundation	  types.	  Other	  systems	  include	  precast	  concrete	  foundation	  walls,	  masonry	  or	  concrete	  piers,	  cast-­‐in-­‐place	  concrete	  sandwich	  panels,	  and	  various	  masonry	  systems	  along	  with	  new	  insulated	  concrete	  foams	  of	  various	  configurations	  and	  manufacturers.	  A	  slab-­‐on-­‐grade	  construction	  with	  an	  integral	  concrete	  grade	  beam	  at	  the	  slab	  edge	  is	  common	  in	  climates	  with	  a	  shallow	  frost	  depth.	  In	  colder	  climates,	  deeper	  cast-­‐in-­‐place	  concrete	  walls	  and	  concrete	  block	  walls	  have	  been	  more	  common	  with	  insulated	  concrete	  forms	  becoming	  more	  common	  (Oak	  Ridge	  Labs	  2010).	  Different	  variations	  of	  the	  frost	  protected	  shallow	  foundation	  are	  making	  yearly	  gains	  in	  northern	  areas	  due	  to	  more	  and	  more	  information	  available	  about	  their	  benefits.	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5.7	  COMPARATIVE	  BUILDING	  FOUNDATION	  OPTIONS	  AND	  	  
	  	  	  	  	  	  	  LIFE	  CYCLE	  COST	  ANALYSIS	  	  
	  	   Because	  the	  FPSF	  is	  a	  constructed,	  structurally	  sound	  foundation	  that	  uses	  fewer	  building	  materials	  compared	  to	  a	  conventional	  foundation,	  it	  is	  the	  least	  expensive	  foundation	  option	  for	  all	  non-­‐basement	  foundation	  options	  previously	  listed	  in	  this	  chapter.	  It	  can	  be	  approximately	  20%	  less	  expensive	  than	  an	  average	  slab-­‐on-­‐grade	  with	  a	  stem	  wall,	  and	  up	  to	  30%	  less	  expensive	  in	  deep	  frost	  line	  areas	  and	  FPS	  wood	  foundations	  are	  the	  least	  expensive	  of	  the	  full	  foundation	  options	  (MSHI	  2013).	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___________________________________NON-­‐BASEMENT	  OPTIONS_______________________________	  
______________________________________BASEMENTS	  OPTIONS_________________________________	  
	  
Figure	  82	  Different	  foundation	  types	  for	  cost	  comparison.	  Other	  measure	  comparisons	  
are	  graphed	  and	  compared	  in	  figure	  energy	  consumption	  is	  embodied	  energy	  used	  for	  
material	  acquisition	  (Minnesota	  Sustainable	  Housing	  Initiative	  2001).	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5.7.1	  Life	  Cycle	  Cost	  Analysis	  	   The	  lifecycle	  cost	  analysis	  for	  overall	  durability	  for	  FPSF	  is	  better	  in	  comparison	  with	  the	  other	  types	  of	  foundations	  listed	  in	  Figure	  82	  and	  is	  the	  second,	  least	  expensive	  system	  to	  use	  next	  to	  wood	  without	  other	  measures	  taken	  into	  consideration.	  Concrete	  has	  the	  best	  program	  for	  recycling,	  as	  it	  can	  be	  used	  for	  fill	  or	  aggregate	  in	  lower	  grades	  of	  concrete	  while	  wood	  foundations,	  because	  they	  have	  been	  chemically-­‐treated,	  have	  little	  use	  as	  recycled	  material	  (MSHI	  2013).	  	  	  Thus,	  using	  concrete	  for	  a	  foundation	  is	  generally	  the	  over	  best	  choice	  for	  cold	  climate	  areas	  when	  all	  measures	  are	  consider.	  	   Purely	  from	  the	  standpoint	  of	  overall	  energy	  consumption,	  since	  shallow,	  frost	  protected	  slab	  on	  grade	  or	  slab	  with	  stem	  wall	  systems	  use	  less	  materials	  than	  other	  options,	  they	  have	  better	  environmental	  performance	  (Figure	  82).	  	  Although	  there	  are	  some	  wood	  foundations	  with	  a	  life	  cycle	  of	  35	  to	  120	  years,	  pollutants	  generated	  in	  production	  for	  use	  below	  grade	  have	  negative	  impacts	  to	  the	  life	  cycle	  assessment	  of	  wood.	  	  The	  chemicals	  used	  to	  treat	  wood	  may	  have	  out-­‐gassing	  or	  leaching	  out	  to	  add	  more	  negative	  impacts	  to	  its	  overall	  assessment	  (MSHI	  2013).	  All	  things	  being	  equal,	  the	  Frost	  Protected	  Shallow	  Foundation	  can	  be	  the	  most	  economical	  foundation	  type	  given	  total	  life	  cycle	  costs.	  Since	  the	  total	  evaluated	  system	  used	  in	  this	  research	  has	  a	  life	  cycle	  of	  100	  years,	  the	  FPSF	  would	  be	  the	  most	  predictable	  and	  thus,	  most	  cost	  effective.	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Table	  30.	  	  Life	  cycle	  cost	  analysis	  of	  different	  foundations,	  MSHI.	  
(http://www.mnshi.umn.edu/kb/scale/foundation.html)	  
	  
	  
	  
	  
5.8	  MARKET	  PREFERENCES	  FOR	  FOUNDATION	  TYPES	  	  
	  	   Every	  foundation	  type	  has	  distinct	  economic,	  environmental,	  and	  construction	  advantages	  and	  disadvantages	  (MSHI	  2013).	  The	  choice	  of	  foundation	  type	  usually	  starts	  with	  the	  preferences	  and	  expectations	  of	  the	  client	  (Figure	  83).	  	  Even	  though	  these	  are	  subjective	  factors,	  they	  are	  based	  on	  regional	  trends,	  area	  traditions	  and	  market	  influences	  (Oak	  Ridge	  Labs	  2010).	  Once	  the	  builder	  provides	  information	  on	  costs	  on	  the	  specified	  foundation	  and	  construction	  system,	  one	  can	  see	  they	  have	  their	  own	  personal	  preferences,	  which	  make	  their	  preferred	  system	  more	  cost	  effective	  (MSHI	  2013).	  Analyzing	  the	  cost-­‐effectiveness	  of	  providing	  a	  basement	  is	  somewhat	  a	  subjective	  judgment	  because	  it	  depends	  on	  the	  value	  of	  basement	  space	  to	  the	  client.	  Now	  that	  the	  Frost	  Protected	  Shallow	  Foundation	  has	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been	  introduced	  and	  is	  working	  its	  way	  into	  the	  foundation	  types	  available	  to	  contractors	  it	  will	  make	  a	  basement	  much	  more	  expensive,	  especially	  in	  areas	  where	  average	  frost	  levels	  are	  common.	  	  
	  	   	   	  	  	  	  	  	  Figure	  83.	  Decision	  making	  tree	  for	  foundation	  design.	  
 	  	  	   NAHB	  (2004)	  reported	  that	  one	  of	  the	  top	  ten	  new	  technologies	  in	  building	  construction	  business	  changing	  the	  industry	  is	  the	  Frost	  Protected	  Shallow	  Foundation.	  	  Darlene	  F.	  Williams,	  HUD	  general	  deputy	  assistant	  secretary,	  said,	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"The	  top	  10	  technologies	  hold	  the	  most	  promise	  for	  improving	  the	  quality	  and	  affordability	  of	  our	  homes.	  These	  technologies	  are	  ready	  now,	  and	  they	  can	  perform	  in	  the	  houses	  that	  we	  build	  tomorrow"	  (Heavens	  2004).	  	  	   Research	  findings	  from	  the	  field	  evaluations	  in	  Denver,	  Colorado	  and	  Freehold	  Township,	  New	  Jersey,	  show	  that	  construction,	  excavation	  and	  labor	  requirements	  along	  with	  material	  costs,	  are	  15%	  to	  17%	  less	  for	  a	  FPSF	  (Professional	  Builder	  2004,	  85)	  than	  for	  a	  conventional	  foundation.	  	  The	  cost	  savings	  will	  be	  greater	  in	  areas	  where	  conventional	  foundations	  require	  deeper	  excavations,	  use	  more	  materials,	  and	  use	  more	  labor.	  	   When	  a	  basement	  is	  desired,	  a	  garden	  basement	  with	  an	  Insulted	  Concrete	  Foundation	  (ICF)	  wall	  balances	  cost,	  efficiency,	  and	  improved	  indoor	  environmental	  quality,	  (MSHI	  2013)	  while	  providing	  significantly	  greater	  insulation	  values	  similar	  to	  the	  FPSF	  and	  making	  this	  option	  more	  efficient	  for	  the	  same	  cost	  (Figure	  84).	  	  
	  
Figure	  84.	  Garden	  basement	  using	  insulated	  concrete	  forms.	  
(photo	  from	  http://countryplans.com/kuhn.html)	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   There	  are	  many	  benefits	  to	  using	  the	  FPSF	  other	  than	  resource	  savings.	  In	  his	  report,	  Legalett	  (2013)	  includes	  tangibles	  like	  using	  less	  labor	  for	  foundation	  work,	  pouring	  concrete	  once	  rather	  than	  three	  times	  for	  traditional	  foundations,	  getting	  superior	  insulation	  values	  compared	  to	  traditional	  foundations,	  less	  excavation	  and	  hauling	  of	  existing	  soil,	  ability	  to	  withstand	  poor	  soil	  conditions	  and	  benefiting	  from	  the	  potential	  of	  using	  prefab	  insulation	  forms.	  
	  
	  
5.9	  FOUNDATION	  SETTLEMENT	  	  	   There	  are	  two	  types	  of	  settlement	  concerns	  that	  are	  normally	  considered	  problems	  in	  the	  design	  of	  a	  foundation:	  tipping	  settlement,	  and	  differential	  settlement.	  Tipping	  settlement	  is	  when	  enough	  of	  the	  foil	  under	  the	  foundation	  settle	  such	  that	  the	  whole	  building	  starts	  to	  tip	  on	  one	  direction	  as	  seen	  in	  Figure	  85.	  	  
	  	   Figure	  85.	  Difference	  settlement	  causing	  tipping:	  Trancosna	  Grain	  Elevator,	  
	   Canada	  1913	  (photo:	  UConn).	  	  	  	   Differential	  settlement	  is	  when	  one	  part	  of	  a	  foundation	  settles	  more	  than	  another	  part.	  This	  can	  cause	  problems	  to	  the	  structure	  the	  foundation	  is	  supporting,	  
	   161	  
(Figure	  86),	  like	  partial	  settlement	  when	  a	  smaller	  area	  settles.	  	  This	  type	  of	  settlement	  will	  cause	  cracking.	  
 
 
 	  	  
	  
      
   
  
   Uniform settlement             Tipping settlement Differential settlement 
              (no cracks)             (often w/out cracks)          (with cracks) 
	  
	   	   Figure	  86.	  Different	  types	  of	  settlement.	  (Lockwood	  2013)	  
	   	   	  
	  
	  	   Another	  factor	  in	  foundation	  design	  choice	  is	  subsidence	  (Kelm	  and	  Wylie	  2008,	  1),	  which	  is	  the	  downward	  movement	  of	  an	  underlying	  supporting	  soil	  stratum	  due	  to	  the	  withdrawal	  of	  moisture.	  Kelm	  and	  Wylie	  (2008)	  reported	  that	  when	  the	  soil	  dries,	  the	  ground	  shrinks	  and	  there	  can	  be	  soil	  movement	  depending	  on	  the	  kind	  of	  soil	  which	  can	  disturb	  the	  foundation	  (Figure	  87).	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   Figure	  87.	  Site	  location	  effects	  like	  dry	  soil,	  wet	  soil	  and	  frozen	  soil	  and	  their	  
	   effects	  	  on	  foundations.	  (Lockwood,	  2013)	  
	  
	  
	  	   Figure	  88	  shows	  that	  the	  freezing	  and	  thawing	  of	  soils	  can	  cause	  severe	  damage	  to	  a	  structure	  if	  this	  is	  not	  taken	  into	  consideration.	  When	  the	  ground	  freezes,	  water	  from	  the	  lower	  unfrozen	  soil	  is	  drawn	  up	  to	  the	  frost	  front.	  	  It	  freezes	  and	  forms	  ice	  lenses	  as	  the	  frost	  penetrates	  the	  soil.	  Slow	  freezing	  of	  the	  soil	  results	  in	  the	  largest	  movements	  of	  the	  ground	  called	  heaving	  and	  has	  two	  aspects.	  	  When	  ice	  forms	  it	  displaces	  and	  forces	  the	  soil	  upwards	  (Figure	  89).	  	  This	  type	  of	  frost	  heave	  is	  called	  vertical	  heave	  and	  can	  move	  foundation	  footings	  upward.	  The	  other	  aspect	  is	  called	  tangential	  heaving	  and	  occurs	  when	  the	  ground	  freezes	  to	  the	  foundation.	  As	  the	  ground	  rises,	  it	  adheres	  (adfreezes)	  to	  the	  foundation	  and	  raises	  the	  building	  with	  it.	  A	  strong	  tangential	  heaving	  force	  can	  far	  exceed	  the	  weight	  of	  a	  house	  and	  foundations	  (Steiner	  2006).	  Then	  when	  it	  thaws,	  the	  soil	  then	  moves	  downward	  again,	  causing	  more	  movement.	  This	  does	  not	  happen	  uniformly	  and	  can	  cause	  foundation	  failures.	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Figure	  88.	  	  Frost	  heave	  on	  soil	  movement.	  (Courtney,	  2011)	  	  
	  
Figure	  89.	  	  	  Effects	  of	  heave	  on	  open	  ground	  (Courtney,	  2011)	  	   	  	   Traditional	  foundations	  are	  built	  below	  the	  frost	  line	  in	  an	  effort	  to	  prevent	  any	  heave	  damage	  from	  occurring.	  	  Figure	  90	  illustrates	  that	  in	  some	  cold	  climate	  zones	  of	  the	  United	  States	  this	  can	  be	  down	  to	  4’-­‐5’	  below	  the	  topsoil	  layer	  (NOAA	  1978)	  and	  is	  the	  reason	  that	  in	  these	  areas	  most	  homes	  have	  had	  basements	  since	  the	  foundation	  will	  already	  be	  deep	  and	  the	  FPSF	  had	  not	  yet	  been	  tested.
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Figure	  90.	  	  Depth	  of	  frost	  penetration	  in	  the	  United	  States,	  in	  meters	  (NOAA,	  1978). 
 
	  
5.10	  HOW	  FROST	  PROTECTED	  SHALLOW	  FOUNDATIONS	  (FPSF)	  WORK	  	  	   Three	  conditions	  must	  be	  met	  for	  frost	  heaving	  to	  occur:	  the	  soil	  must	  be	  frost-­‐susceptible;	  water	  must	  be	  available	  in	  sufficient	  quantities;	  and	  cooling	  conditions	  must	  cause	  soil	  and	  water	  to	  freeze	  (ConcreteNetwork.com	  2014).	  	  	  	  If	  one	  of	  these	  conditions	  can	  be	  eliminated,	  frost	  heaving	  will	  not	  occur.	  A	  great	  video	  to	  watch	  for	  more	  understanding	  about	  the	  process	  of	  foundations	  and	  frost	  heaving	  is	  available	  at	  https://www.youtube.com/watch?v=9jzycX380PA.	  	  The	  Frost	  Protected	  Shallow	  Foundation	  addresses	  these	  conditions	  by	  the	  way	  in	  which	  it	  is	  designed.	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   These	  conditions	  will	  be	  addressed	  as	  follows:	  the	  first	  of	  these	  being	  the	  frost	  susceptibility	  of	  soil.	  The	  FPSF	  design	  uses	  the	  thermal	  interaction	  of	  a	  structures	  foundation	  with	  the	  ground	  directly	  beneath	  and	  around	  the	  structure.	  Soil	  beneath	  the	  foundation	  has	  a	  relatively	  high	  specific	  heat,	  approximately	  .19	  cal/gramoC	  when	  dry	  and	  .35	  cal/gramoC	  when	  wet.	  	  The	  heat	  conducted	  from	  warm	  summer	  ambient	  air,	  heat	  from	  the	  structure	  and	  deep	  soil	  underlying	  the	  foundation	  is	  stored	  in	  a	  heat	  bulb	  under	  the	  structure	  over	  the	  winter	  (Morris	  1988).	  Heat	  input	  into	  the	  ground	  from	  a	  heated	  structure	  effectively	  raises	  the	  frost	  depth	  at	  the	  perimeter	  of	  the	  foundation	  (NAHB	  2004)	  as	  illustrated	  in	  Figure	  91.	  	  	  	  
	  
	  
Figure	  91.	  Frost	  Penetration	  into	  the	  ground	  under	  various	  conditions.	  Notice	  that	  the	  
frost	  line	  gets	  more	  shallow	  the	  closer	  it	  is	  to	  the	  structure	  (NAHB	  2004)	  
	  
	  
	  	   Since	  the	  frost	  line	  rises	  near	  a	  heated	  structure’s	  foundation,	  the	  effect	  of	  heat	  from	  the	  structure	  is	  then	  amplified	  when	  some	  type	  of	  insulation	  is	  placed	  around	  the	  foundation	  (ASCE	  2001).	  The	  insulation	  needed	  for	  the	  foundation	  can	  be	  a	  vertical	  application	  only	  or	  a	  vertical	  and	  horizontal	  (wings)	  application	  according	  to	  the	  specific	  frost	  line	  depth	  of	  the	  geographic	  location	  where	  the	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structure	  will	  be	  built.	  	   Figure	  92	  illustrates	  the	  heat	  exchange	  process	  in	  an	  FPSF,	  which	  results	  in	  a	  shallower	  frost	  penetration	  depth	  around	  the	  building	  (ASCE	  2001)	  due	  to	  soil	  that	  has	  been	  warmed	  by	  both	  building	  and	  geothermal	  heat	  (Professional	  Builder	  2004).	  	  Because	  a	  FPSF	  is	  insulated	  along	  the	  outside	  edges,	  it	  makes	  floors	  and	  the	  perimeter	  of	  the	  more	  resistant	  to	  heat	  loss.	  	  
	  
	   Figure	  92.	  Heat	  Storage	  and	  transfer	  in	  a	  Frost	  Protected	  Shallow	  Foundation.	  	  
	   (NAHB	  2004)	  
	  
	  
	  	   The	  FPSF	  also	  works	  on	  an	  unheated	  building	  by	  conserving	  geothermal	  heat	  below	  the	  building.	  Unheated	  areas	  of	  homes	  such	  as	  garages	  may	  be	  constructed	  in	  this	  manner.	  When	  a	  building	  is	  unheated	  the	  insulated	  foundation	  works	  by	  conserving	  the	  ground	  geothermal	  heat	  beneath	  the	  structure.	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5.11	  DESIGN	  OF	  THE	  FROST	  PROTECTED	  SHALLOW	  FOUNDATION	  	   Bearing	  capacity	  of	  the	  materials	  used,	  site	  drainage	  considerations,	  and	  compaction	  of	  the	  soil	  (ASCE	  32-­‐01	  2001,	  3)	  need	  to	  be	  considered	  before	  the	  initial	  design	  takes	  place	  for	  the	  success	  for	  the	  FPSF	  technology.	  	  In	  order	  for	  a	  FPSF	  to	  perform	  appropriately,	  at	  least	  one	  of	  the	  following	  methods	  must	  be	  used	  to	  prevent	  frost	  heave:	  (ASCE	  32-­‐01	  2001,	  3).	  1. Non	  –	  frost	  susceptible	  layers	  of	  ground	  or	  fill	  materials	  under	  foundation	  2. Appropriate	  type,	  use	  and	  amount	  of	  insulation	  to	  mitigate	  penetration	  of	  frost	  3. Approved	  analysis	  supporting	  the	  design	  and	  details	  of	  the	  foundation.	  	   There	  are	  two	  approaches	  for	  designing	  a	  FPSF:	  the	  simplified	  design	  method	  and	  a	  detailed	  design	  method	  for	  three	  types	  of	  building	  situations;	  heated,	  semi-­‐heated,	  and	  unheated.	  	  The	  simplified	  method	  procedure	  streamlines	  the	  design	  and	  material	  selection	  process	  for	  heated	  buildings,	  which	  the	  model	  building	  code	  adopted.	  The	  design	  steps	  for	  the	  simplified	  method	  were	  consolidated	  and	  R-­‐values	  for	  insulation	  were	  established	  so	  that	  performance	  levels	  under	  various	  conditions	  and	  slab	  surface	  temperatures	  are	  conservatively	  considered	  and	  then	  put	  into	  practice	  (ASCE	  32-­‐01	  2001,	  4).	  	  	   A	  more	  economical	  construction	  process	  can	  be	  achieved	  by	  using	  the	  detailed	  design	  procedure	  but	  it	  should	  only	  be	  used	  when	  the	  contractor	  is	  very	  familiar	  with	  the	  FPSF	  method	  or	  when	  the	  structure	  includes	  attached	  semi-­‐heated/unheated	  areas	  such	  as	  garages	  or	  patios.	  	   ASCE	  (2001,	  26)	  shows	  the	  design	  methods	  and	  specifies	  thermal	  resistances	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and	  foundation	  depths	  to	  ensure	  protection	  against	  frost	  heave	  damage	  in	  most	  types	  of	  soils.	  The	  methods	  are	  conservative	  in	  that	  they	  assume	  the	  following;	  1. Use	  of	  a	  100-­‐year	  mean	  winter	  2. A	  highly	  frost	  –susceptible	  soil	  with	  relatively	  high	  thermal	  conductivity	  and	  with	  sufficient	  moisture	  in	  the	  soil	  to	  promote	  frost	  heave,	  but	  not	  so	  much	  as	  to	  resist	  the	  penetration	  of	  the	  frost	  line	  through	  latent	  heat	  effects	  3. 	  No	  consistent	  insulating	  ground	  cover	  from	  snow,	  turf	  or	  so	  on	  4. Minimum	  indoor	  temperature	  conditions	  for	  “heated”	  and	  “semi-­‐heated”	  building	  thermal	  classifications	  based	  on	  intended	  use	  and	  occupancy	  of	  the	  building	  5. No	  heat	  input	  to	  the	  ground	  from	  buildings	  classified	  as	  “unheated”	  	   Different	  design	  method	  standards	  have	  been	  established	  for	  heated,	  semi-­‐heated	  and	  unheated	  buildings	  because	  each	  requirement	  needs	  to	  ensure	  sound	  foundation	  stability.	  The	  method	  of	  classification	  depends	  on	  the	  amount	  of	  heat	  that	  will	  be	  continually	  provided	  in	  the	  interior	  space	  of	  the	  structure.	  It	  is	  very	  important	  to	  know	  the	  lowest	  indoor	  air	  temperature	  that	  can	  be	  expected	  throughout	  the	  lifespan	  of	  the	  building.	  	  Any	  miscalculation	  can	  cause	  foundation	  failure	  due	  to	  ground	  heaving	  anywhere	  under	  or	  around	  the	  structure.	  	  	  	   The	  ASCE	  (2001)	  standard	  classifies	  a	  building	  as	  “heated”	  when	  it	  will	  be	  continually	  occupied	  year-­‐round	  and	  the	  interior	  temperatures	  will	  not	  drop	  below	  63O	  F.	  	  A	  semi-­‐heated	  building’s	  indoor	  temperatures	  can	  range	  from	  41OF	  to	  63OF	  (ASCE	  2001,	  28)	  and	  unheated	  structures	  are	  any	  detached	  or	  parts	  of	  structure’s	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that	  are	  unheated	  and	  thermally	  broken	  or	  separate	  from	  any	  conditioned	  part	  of	  a	  building.	  	  	   Frost	  heave	  is	  highly	  improbable	  for	  buildings	  with	  foundations	  properly	  designed	  using	  FPSF	  technology.	  When	  there	  is	  a	  problem,	  it	  is	  typically	  associated	  with	  a	  design	  or	  construction	  problem	  not	  in	  compliance	  with	  best	  practices.	  
	  
5.11.1	  Insulation	  Specifications	  	   The	  proper	  specification	  of	  insulation	  products	  is	  the	  most	  important	  aspect	  to	  the	  success	  of	  an	  FPSF.	  An	  R-­‐value	  for	  above	  ground	  use	  in	  dry	  conditions	  typically	  classifies	  different	  insulation	  products.	  	  Below	  ground	  installation	  is	  very	  specific	  as	  the	  insulation	  must	  last	  for	  the	  lifetime	  of	  the	  structure	  and	  must	  be	  able	  to	  withstand	  and	  hold	  up	  to	  different	  levels	  of	  moisture.	  	  It	  must	  be	  labeled	  and	  specified	  with	  this	  performance	  aspect	  and	  if	  not,	  an	  additional	  waterproof	  plastic	  wrap	  must	  be	  used	  over	  the	  insulation.	  	  In	  the	  specifications	  for	  below	  ground	  insulation,	  an	  effective	  R-­‐value	  is	  calculated	  for	  below	  ground	  (NAHB	  2004).	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Table	  31.	  Design	  values	  for	  some	  FPSF	  insulation	  materials	  (NAHB	  2004)	  
 
 
 	   The	  structural	  behavior	  of	  insulation	  must	  be	  considered	  in	  FPSF	  systems	  because	  the	  thermal	  resistivity	  of	  the	  insulation	  is	  partially	  a	  function	  of	  its	  thickness	  as	  indicated	  on	  the	  chart	  in	  Table	  31.	  	  There	  is	  a	  need	  to	  know	  the	  particular	  backfill	  or	  concrete	  weight	  so	  that	  the	  rigid	  foam	  can	  be	  specified	  to	  withstand	  the	  types	  of	  loads	  that	  will	  be	  applied.	  As	  you	  can	  see	  from	  the	  chart,	  different	  types	  of	  polystyrene	  have	  different	  load	  bearing	  capacities.	  	  Since	  the	  thickness	  influences	  R-­‐Value,	  compression	  of	  the	  foam	  is	  very	  undesirable.	  	   Exterior	  foundation	  insulation	  requires	  detailing	  the	  exterior	  finish	  and	  protection	  of	  the	  insulation	  from	  ultraviolet	  and	  mechanical	  damage	  with	  a	  tough,	  durable	  covering.	  And	  crews	  may	  need	  special	  training	  in	  installation	  techniques.	  	  
5.11.2	  A	  Simplified	  FPSF	  Design	  Method	  For	  Heated	  Buildings	  	   To	  give	  an	  idea	  of	  how	  the	  FPSF	  design	  system	  works,	  the	  method	  for	  determining	  the	  appropriate	  solution	  for	  a	  heated	  building	  will	  be	  discussed	  while	  
Type%of%
Polystyrene%
Foam
Type%of%
Insulation
Minimum%
Density%
(pcf)
Nominal%R;
Value%(per%
inch)
Allowable%
Bearing%
Capacity%(psf)
1 2 3 4 5v 5h 6Minimum%Thickness%(inches)7h
Vertical Horiz. Vertical Horiz.
Expanded%(EPS) II 1.35 4 3.2 2.6 2 3
Expanded%(EPS) IX 1.8 4.2 3.4 2.8 1,200 1.5 2
Extruded%(XPS) IV 1.6 5 4.5 4 1,200 1 1.5
Extruded%(XPS) V 3 5 4.5 4 4,800 1 1
Extruded%(XPS) VI 1.8 5 4.5 4 1,920 1 1
Extruded%(XPS) VII 2.2 5 4.5 4 2,880 1 1
Extruded%(XPS) X 1.35 5 4.5 4 1.5 2
Max.%Effective%R;
Value%(per%
inche)
Minimum%
Thickness%(inches)
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the	  other	  methods	  and	  foundation	  kinds	  will	  be	  available	  in	  Appendix	  I.	  	  	   The	  Air-­‐Freezing	  Index	  (AFI)	  for	  the	  site	  location	  must	  be	  known	  to	  use	  the	  simplified	  method.	  	  The	  AFI	  is	  an	  indicator	  of	  the	  combined	  duration	  and	  magnitude	  of	  below-­‐freezing	  temperature	  occurring	  during	  any	  given	  freezing	  season.	  	  A	  contour	  map	  shows	  how	  to	  establish	  this	  value	  in	  a	  simplified	  manner	  without	  knowing	  the	  exact	  number.	  	  With	  this	  simple	  map	  it	  is	  easy	  to	  tell	  the	  amount	  of	  insulation	  that	  is	  needed	  depending	  on	  where	  one	  lives.	  For	  example	  for	  northern	  Minnesota,	  one	  would	  use	  3,000OF	  –	  4000OF	  Days.	  	  
	  
Figure	  93.	  Air	  Freezing	  Index	  for	  the	  simplified	  (NOAA)	  
	  
	  
	  
	   Insulation	  R-­‐value,	  dimensions,	  and	  depth	  of	  footings	  are	  then	  determined	  from	  Table	  32,	  based	  on	  the	  AFI.	  These	  minimum	  requirements	  for	  perimeter	  insulation	  of	  an	  FPSF	  are	  divided	  by	  the	  effective	  values	  presented	  in	  the	  Insulation	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Materials	  in	  Table	  31	  (Section	  3.11.1)	  for	  specification	  of	  type	  and	  thickness.	  The	  research	  model’s	  FPSF	  Simplified	  Method	  shall	  be	  designed	  with	  an	  R-­‐10	  value.	  	  
Table	  32.	  Simplified	  Method	  -­‐	  Minimum	  Insulation	  requirements	  for	  FPSFs	  in	  
heated	  buildings	  (NAHB	  2004)	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Figure	  94.	  Plan	  view	  of	  the	  numbers	  corresponding	  to	  the	  chart	  in	  Table	  31	  is	  
all	  one	  needs	  to	  know	  for	  a	  simplified	  FPSF	  design	  (NAHB,	  2004).	  
	  
	  
	  	   A	  section	  and	  plan	  view	  of	  the	  possible	  insulation	  locations	  for	  FPSFs	  of	  project	  are	  shown	  below	  and	  totally	  dependent	  on	  the	  climate	  zone.	  The	  alphabetical	  characters	  correspond	  to	  the	  identically	  designated	  columns	  in	  the	  table	  above.	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   Figure	  95.	  	  Section	  View	  of	  Frost	  Protected	  Shallow	  Foundation	  for	  a	  Heated	  
	   Building	  where	  there	  is	  no	  insulation	  under	  the	  slab.	  	  This	  is	  so	  the	  heat	  of	  the	  
	   building	  can	  help	  keep	  the	  ground	  under	  the	  slab	  from	  freezing	  (NAHB,	  2004)	  	  	   	  	  	   This	  method	  is	  the	  easiest	  one	  to	  use,	  but	  not	  the	  most	  economical.	  	  Novices	  or	  unknowledgeable	  contractors	  should	  use	  this	  method	  until	  they	  have	  more	  familiarization	  with	  the	  FPSF	  system.	  Then	  other	  methods	  can	  be	  used	  for	  more	  foundation	  types	  (See	  Appendix	  I).	  	  	  
	  
5.12	  THE	  PREVENTION	  OF	  PROBLEMS	  	  
5.12.1	  Cold	  Bridges	  
	   Cold	  bridges	  are	  created	  when	  building	  materials	  with	  high	  thermal	  conductivity	  are	  directly	  exposed	  to	  outside	  temperatures	  and	  contact	  with	  the	  outside	  cold	  gets	  directly	  conducted	  into	  the	  interior	  and	  then	  heat	  loss	  occurs.	  Figure	  26	  details	  where	  some	  of	  these	  conditions	  can	  occur.	  Cold	  bridges	  may	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increase	  the	  potential	  for	  frost	  heave,	  or	  create	  localized	  lower	  temperatures	  or	  condensation	  on	  the	  slab	  surface.	  Attention	  and	  care	  must	  be	  taken	  during	  construction	  to	  ensure	  proper	  installation	  of	  the	  insulation	  and	  the	  preventing	  of	  direction	  exposure	  to	  exterior	  temperatures.	  FPSF’s	  successfulness	  is	  predicated	  on	  eliminating	  (or	  at	  least	  greatly	  reducing)	  cold	  bridging	  as	  much	  as	  possible.	  Using	  a	  stem	  wall	  and	  slab	  with	  a	  thermal	  break	  between	  the	  two	  will	  work	  better	  than	  a	  monolithic	  slab	  (NAHB,	  2004).	  
	  
	  
	   Figure	  96.	  Examples	  of	  some	  cold	  bridges	  (NAHB,	  2004).	  
	  
	  
	  
	  
5.12.2	  Conservation:	  Energy	  Use	  and	  Thermal	  Comfort	  	   Increasing	  the	  exterior	  vertical	  wall	  insulation	  thickness	  above	  the	  minimum	  requirements	  for	  frost	  protection	  and	  placing	  it	  so	  that	  continuity	  is	  achieved	  with	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the	  house	  insulation	  will	  also	  improve	  energy	  efficiency	  and	  adding	  a	  better	  chance	  for	  superior	  interior	  thermal	  comfort.	  	  	   Using	  the	  parameters	  for	  the	  semi-­‐heated	  building	  for	  a	  heated	  building	  will	  also	  add	  to	  superior	  performance	  characteristics	  of	  the	  foundation,	  even	  though	  costs	  will	  be	  higher.	  The	  added	  benefit	  can	  be	  weighed	  against	  the	  increase	  in	  costs	  on	  a	  life	  cycle	  analysis	  basis	  to	  see	  if	  this	  could	  ultimately	  be	  beneficial	  long	  term.	  
	  
5.13	  ADDITIONAL	  CONSIDERATIONS	  	  	  	   The	  significant	  cost	  savings	  for	  Frost	  Protected	  Shallow	  Foundations	  achieved	  in	  northern	  United	  States	  will	  not	  be	  achieved	  in	  areas	  where	  the	  Air-­‐Freezing	  Index	  is	  very	  low,	  like	  the	  Southern	  tier	  and	  coastal	  areas	  of	  states	  where	  there	  are	  no	  frost	  line	  depths	  or	  ones	  below	  .25	  meters	  on	  the	  map	  in	  Section	  5.9,	  Figure	  90.	  	   In	  the	  reverse,	  areas	  of	  the	  world	  that	  are	  subjected	  to	  very	  low	  temperatures	  have	  different	  perimeters	  and	  specification	  and	  areas	  that	  have	  permafrost	  will	  have	  a	  totally	  different	  design	  and	  requirements	  as	  will	  be	  shown	  in	  the	  following	  section.	  	   The	  International	  Residential	  Code	  (IRC)	  R403.3	  outlines	  methods	  for	  building	  frost	  protected	  shallow	  foundations	  in	  heated	  buildings.	  Insulating	  footings	  and	  stem	  walls	  below	  grade	  against	  frost	  heave	  require	  specifically	  rated	  materials	  that	  need	  to	  be	  labeled	  as	  complying	  with	  ASTM	  C	  578.	  The	  IRC	  reference	  to	  ASCE	  32-­‐01(American	  Society	  of	  Civil	  Engineers,	  Design	  and	  Construction	  of	  Frost-­‐Protected	  Shallow	  Foundations	  2001),	  FPSFs	  in	  semi-­‐heated	  and	  unheated	  buildings	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that	  meet	  the	  requirements	  of	  the	  IRC	  may	  also	  be	  designed	  and	  constructed	  to	  meet	  the	  insulation	  specification.	  	   The	  use	  of	  appropriately	  rated	  and	  labeled,	  below	  ground	  foam	  plastics	  over	  the	  foundation	  is	  required	  for	  other	  site	  requirements	  like	  for	  proper	  termite	  protection	  relative	  to	  a	  high	  termite	  threat	  or	  areas	  with	  excessive	  water	  penetration.	  This	  is	  an	  important	  consideration	  in	  designing	  the	  proper	  foundation	  system.	  	  	  
	  
5.14	  OTHER	  RESEARCH	  PROJECTS	  AND	  EXAMPLES	  	  
5.14.1	  Rural	  Northern	  and	  First	  Nations	  Housing	  	   A	  design	  guide	  was	  created	  and	  produced	  for	  northern	  Canadian	  housing	  where	  the	  average	  mean	  annual	  temperature	  is	  greater	  than	  0˚C	  (32˚F).	  	  Canadian	  authorities	  recognized	  that	  slab-­‐on-­‐grade	  foundations	  provide	  the	  most	  cost	  effective	  solution	  to	  affordability	  and	  quality	  of	  northern	  climate	  housing	  so	  adapting	  and	  using	  the	  FPSF	  system	  would	  increase	  affordability	  and	  reduce	  material	  use	  in	  foundations	  by	  reducing	  the	  depth	  at	  which	  the	  traditional	  foundation	  footings	  and	  stem	  walls	  had	  to	  be	  placed	  because	  of	  the	  deep	  frost	  line	  (OFNTSC	  1998).	  	   This	  guide	  was	  created	  as	  the	  original	  ASCE	  manual	  stops	  at	  4,000	  degree	  days	  and	  this	  guide	  starts	  at	  4,000	  degree	  days.	  For	  more	  information	  see	  	  Appendix	  II.	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5.14.2	  Cold	  Climate	  Housing	  Research	  Center,	  Alaska	  	   A	  variation	  on	  the	  Frost	  Protected	  Shallow	  Foundation	  has	  been	  designed	  for	  areas	  like	  Alaska	  so	  that	  any	  implementation	  of	  best	  construction	  practices	  stands	  up	  to	  the	  severity	  of	  conditions.	  The	  weather	  is	  so	  severe	  that	  bad	  construction	  practices	  can	  cause	  very	  big	  problems.	  	  	  	   The	  Cold	  Climate	  Housing	  Research	  Center	  in	  Alaska	  (2010)	  and	  Paul	  Perreault	  performed	  a	  detailed	  study	  on	  the	  different	  insulation	  strategies	  to	  recommend	  for	  use	  in	  areas	  without	  permafrost	  in	  Alaska	  where	  the	  air-­‐freezing	  index	  F100	  is	  between	  4,500	  0F	  and	  8000	  0F.	  These	  numbers	  were	  used	  because	  the	  ASCE	  standard	  charts	  stop	  at	  4,500	  0F	  (ASCE	  32-­‐101	  2001,	  4)	  and	  permafrost	  starts	  at	  around	  8,000	  0F	  (Perreault,	  2008).	  They	  instrumented	  and	  modeled	  ground	  temperatures	  with	  “Thermal	  Modeling	  with	  TEMP/W	  from	  Geo-­‐Slope	  International	  of	  Alberta,	  Canada”	  (CCHRC,	  2006),	  and	  compare	  modeled	  isotherm	  contour	  results	  with	  data	  collected	  from	  data	  collected	  from	  actual	  buildings	  (CCHRC,	  2006).	  	  	   The	  results	  showed	  that	  some	  alterations	  to	  the	  normal	  climate	  specifications	  were	  needed	  (Figure	  97).	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   Typical	  Fairbanks,	  Alaska	  foundation	  section	  detail.	  
	  
Figure	  97.	  Typical	  Fairbanks	  Alaska	  foundation	  detail	  (CCHRC,	  2006).	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   Example	  of	  the	  Alaska	  Frost	  Protected	  Shallow	  Foundation	  
	  
Figure	  98.	  	  Sample	  section	  view	  of	  the	  CCHRS	  FPSF	  proposed	  design	  for	  crawl	  
space	  with	  added	  insulation	  (CCHRC	  2006).	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   Insulation	  Locations	  and	  Nomenclature	  
	  
Figure	  99.	  Insulation,	  Locations	  and	  Nomenclature,	  similar	  to	  typical	  climate	  FPSF’s	  
(CCHRC	  2006)	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   Rv-­‐	  Vertical	  Perimeter	  Insulation	  
	  	  
	   	   	   Rhw	  Horizontal	  “Wing”	  Insulation	  R-­‐Value	  
	   	   Dw,	  AFI	  6500	  =	  48”	  	   7500	  =	  60”	  	   	   >7500	  =	  72”	  
	  
Figure	  100	  Charts	  used	  to	  decide	  appropriate	  insulation	  both	  vertical	  and	  horizontal,	  
needed	  in	  Alaska	  (CCHRC	  2006)	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CORNER	  ZONE	  LENGTH	  IN	  INCHES	  (LCc)	  
	  
Figure	  101	  The	  length	  of	  the	  corner	  zone	  (Lc)	  in	  inches.	  (CCHRC	  2006)	  	  	  	   The	  results	  of	  this	  work	  have	  been	  used	  to	  propose	  insulation	  strategies	  that	  best	  meet	  the	  goals	  of	  frost	  protection	  and	  energy	  savings	  for	  both	  new	  construction	  and	  retrofit	  construction	  across	  Alaska.	  	  Because	  of	  the	  depth	  of	  foundations	  needed	  in	  this	  environment,	  the	  value	  of	  this	  type	  of	  research	  is	  ultimately	  in	  the	  cost	  and	  resource	  savings	  that	  can	  be	  achieved.	  The	  work	  is	  extending	  into	  more	  areas	  of	  Alaska	  and	  even	  areas	  where	  there	  is	  permafrost	  with	  the	  desire	  to	  design	  a	  foundation	  that	  will	  not	  disturb	  the	  permafrost	  (CCHRC	  2006).	  Since	  the	  full	  report	  has	  additional	  information	  useful	  for	  cold	  climates,	  it	  is	  included	  as	  Appendix	  II.	  	  
5.14.3	  Case	  Study	  –	  Tierra	  Concrete	  Homes	  
	   The	  President	  of	  Tierra	  Concrete	  Homes,	  Inc.	  in	  Pueblo	  Colorado,	  Judy	  Niemeyer,	  is	  a	  four-­‐time	  winner	  of	  the	  Energy	  Value	  Housing	  Award	  for	  the	  affordable,	  durable,	  and	  energy	  efficient	  pre-­‐cast	  concrete	  homes.	  When	  she	  started	  to	  enhance	  her	  product	  with	  the	  Frost	  Protected	  Shallow	  Foundation	  design,	  there	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was	  resistance	  in	  the	  local	  planning	  and	  permitting	  process.	  "I	  was	  left	  no	  other	  choice	  but	  to	  use	  the	  appeals	  process	  to	  do	  what	  I	  knew	  would	  improve	  the	  value	  of	  my	  homes,"	  stated	  Ms.	  Niemeyer.	  Each	  time	  she	  needed	  to	  present	  her	  information	  to	  the	  appeals	  process	  she	  used	  information	  available	  from	  NAHB,	  the	  NAHB	  Research	  Center,	  and	  a	  knowledgeable	  engineer.	  Ms.	  Niemeyer	  stated	  "Now,	  the	  technology	  is	  gaining	  a	  foot-­‐hold	  and	  others	  are	  beginning	  to	  use	  it	  in	  my	  area.	  My	  engineer	  was	  a	  valued	  resource	  in	  the	  appeals	  process"	  (Morris	  and	  Crandell	  2001)	  	  	   	  Morris	  and	  Crandell	  (2001)	  show	  the	  cost	  savings	  that	  can	  be	  achieved	  by	  siting	  the	  example	  of	  a	  large	  affordable	  housing	  development	  that	  saved	  approximately	  $300,000	  in	  foundation	  construction	  costs	  and	  upwards	  of	  $3,000	  for	  individual	  homes.	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CHAPTER	  6	  RESEARCH	  DESIGN	  	  	  
6.1	  PROTOTYPE	  RESEARCH	  DESIGN	  	   This	  investigation	  and	  research	  is	  into	  the	  optimization	  of	  a	  complete	  building	  system,	  which	  contributes	  to	  the	  best	  overall	  Home	  Energy	  Rating	  System	  (HERS)	  index	  score	  and	  near	  Net	  Zero	  Energy	  without	  the	  use	  of	  grid	  energy	  sources	  in	  a	  northern	  cold	  climate.	  	   The	  climate	  that	  this	  prototype	  system	  will	  be	  simulated	  is	  the	  northern	  part	  of	  Minnesota	  where	  the	  outdoor	  design	  conditions	  are	  as	  follows:	  	  	   	   Brainerd,	  Minnesota	  	   46˚21’29”N	  94˚12’03”W	  	   	   HDD65˚F	   	   	   	   	   8600	  	   	   CDD50˚F	   	   	   	   	   2100	   	   	   	   	  	   	   Winter	  Dry	  Bulb	  ˚F	   	   	   	   	  	  	  -­‐20˚F	  	   	   Summer	  Dry	  Bulb	   	   	   	   	  	  	  	  86˚F	  	   	   Summer	  Wet	  Bulb	   	   	   	   	  	  	  	  71˚F	  	   	   Mean	  Daily	  Range	  (˚F)	   	   	   	  	  	  	  19˚F	  	   	  
	  
Figure	  102	  Location	  (Red	  circle)	  of	  Brainerd,	  MN	  in	  relationship	  to	  the	  rest	  of	  
North	  America	  (NationalAtlas.gov).	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   The	  wind	  roses	  for	  the	  Brainerd	  Minnesota	  area	  show	  a	  mix	  of	  wind	  speeds	  and	  directions	  though	  out	  the	  year.	  	  Figure	  103	  is	  the	  wind	  rose	  for	  the	  full	  year	  at	  the	  top	  and	  the	  bottom	  shows	  the	  wind	  speed	  and	  direction	  for	  months	  June	  through	  August	  and	  December	  through	  February	  respectfully.	  Almost	  30%	  of	  the	  time	  in	  the	  summer	  the	  winds	  are	  calm.	  If	  the	  energy	  modeling	  software	  shows	  that	  summer	  thermal	  comfort	  standards	  cannot	  be	  met	  with	  the	  roofpond	  strategy,	  a	  	  	  cross	  ventilation	  strategy	  is	  needed	  to	  achieve	  the	  desired	  temperatures	  and	  the	  use	  of	  electric	  fans	  may	  needed	  at	  limited	  times.	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YEARLY	  WIND	  ROSE	  FOR	  BRAINERD	  MN	  
	  
	  	  
	   	   JUNE-­‐AUGUST	  WIND	  ROSE	  	   	  	  	  	  	  	  	  	  	  	  DECEMBER-­‐FEBRUARY	  WIND	  ROSE	  	  
  
	   Figure	  103.	  (Top)	  Yearly	  wind	  rose	  information	  for	  Brainerd,	  Minnesota	  and	  
	   bottom,	  left,	  June-­‐August	  wind	  information	  and	  bottom	  right	  for	  December-­‐
	   February.	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   The	  passive	  solar	  energy	  design	  strategies	  will	  be	  dependent	  on	  how	  much	  solar	  radiation	  is	  possible	  at	  this	  latitude	  in	  the	  north.	  The	  sun	  path	  diagram	  in	  Figure	  103	  for	  46˚	  latitude	  shows	  the	  path	  for	  the	  winter	  (blue)	  and	  the	  summer	  (red).	  The	  sun	  rises	  in	  the	  winter	  mornings	  around	  8:00	  am	  and	  sets	  around	  4:00pm	  with	  the	  appropriate	  time	  to	  open	  the	  necessary	  moveable	  glazing	  insulation	  around	  9:00	  am	  and	  to	  close	  it	  around	  3:00pm.	  	  	  	  
 	  
	   Figure	  104.	  The	  sun	  path	  diagram	  for	  46˚	  latitude	  north,	  Brainerd	  Minnesota	  
	   (http://www.geog.ubc.ca/courses/geob300/applets/sunpath/)	  	  	  	   	  	   The	  physical	  structure	  was	  based	  on	  the	  goal	  of	  designing	  the	  most	  efficient	  envelope	  system	  with	  maximum	  fenestration	  that	  would	  be	  able	  to	  provide	  thermal	  comfort	  to	  the	  occupants	  while	  not	  using	  any	  supplemental	  heating	  and	  cooling	  from	  electricity	  or	  gas.	  The	  investigation	  also	  required	  practical	  and	  effective	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solutions	  for	  best	  materials,	  practices	  and	  procedures	  that	  were	  appropriate	  for	  the	  cold	  northern	  climate.	  	   Factors	  that	  also	  weighed	  heavily	  into	  the	  design	  equation	  were	  its	  environmental	  impacts,	  affordability,	  durability,	  ease	  of	  construction,	  adaptability	  to	  location/site,	  and	  aesthetically	  appropriateness.	  In	  looking	  at	  the	  factors	  more	  closely,	  the	  general	  outcomes	  desired	  are	  reduced	  maintenance,	  reduced	  construction	  time	  and	  costs,	  material	  accessibility,	  easily	  constructed	  by	  almost	  anyone	  anywhere,	  long	  life	  cycle	  span	  while	  reducing/eliminating	  the	  need	  for	  outside	  energy	  consumption	  with	  an	  overall	  assessment	  that	  this	  structure	  is	  actually	  beneficial	  for	  the	  earth	  for	  housing	  a	  population.	  Table	  33	  illustrates	  the	  desired	  characteristics	  with	  the	  benefits	  marked	  that	  each	  one	  fulfills	  directly	  with	  an	  “x”	  and	  indirectly	  with	  a	  “√.”	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Table	  33.	  Comparative	  features	  and	  benefits	  for	  each	  building	  system	  component.	  	  
X	  indicates	  a	  direct	  benefit	  and	  √	  indicates	  an	  indirect	  benefit	  (Kitrina	  Stratton	  2014).	  	  	   	  
6.2	  RP_PERFORMANCE	  SIMULATION	  PROGRAM	  	  
	  	   Once	  each	  particular	  component	  for	  the	  building	  system	  was	  chosen	  (given	  their	  special	  characteristics),	  customization	  to	  adapt	  each	  one	  to	  northern	  Minnesota	  environment	  in	  which	  the	  model	  was	  going	  to	  be	  simulated,	  commenced.	  	  	  	   The	  simulation	  of	  the	  desired	  components	  was	  accomplished	  with	  using	  the	  RP_Performance	  (Roofpond)	  Program	  to	  aid	  in	  understanding	  the	  overall	  impact	  on	  water	  as	  the	  thermal	  mass	  on	  the	  system	  as	  a	  whole.	  The	  initial	  use	  of	  the	  software	  
FEATURE ROOFPOND
STRAW-
BALE-
SUPER-
WINDOWS
MOVABLE-
INSULATION FPSF
FEATURES
AFFORDABLE X X √ √ X
SUSTAINABLE X X √
NEGATIVE-CARBON-
FOOTPRINT X X X √
HIGH-MASS X X X
ENERGY-SAVINGS X X X X
DURABLE X X X
ADAPTABLE X X X X
EASE-OF-
CONSTRUCTION X X X
MATERIAL-
ACCESSIBILITY X X √ √
BENEFICAL-TO-
EARTH X X X X X
BENEFICAL-TO-
OCCUPANTS X X X X
LOW-LIFE-CYCLE-
COST X X X X X
REDUCES-ENERGY-
CONSUMPTION X X X X X
AESTHICALLY-
APPROPRIATE X X X X
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helped	  to	  define	  the	  depth,	  area	  and	  gallons	  of	  the	  water	  (high	  mass)	  that	  might	  be	  needed	  relative	  to	  the	  solar	  glazing	  areas	  that	  included	  passive	  solar	  gain	  from	  the	  concrete	  foundation.	  	  	   The	  first	  simulation	  was	  done	  with	  the	  initial	  specifications	  for	  the	  three	  systems:	  roofpond	  north,	  straw	  bale	  walls	  with	  stucco,	  and	  a	  FPS	  Foundation	  (Figures	  105	  -­‐	  108).	  The	  straw	  bale	  structure	  was	  12’	  x	  15’	  x	  15’	  with	  a	  flat	  sloped	  roof.	  The	  water	  pond	  measuring	  12’	  x	  15’	  x	  1.5’	  was	  located	  in	  the	  attic	  space	  above	  the	  ground	  floor.	  Both	  glazing	  units	  measured	  a	  total	  of	  108ft2,	  equally	  divided	  between	  the	  south	  facing	  wall	  on	  the	  ground	  floor	  and	  the	  upper	  south	  facing	  wall	  for	  the	  roofpond	  solar	  access.	  There	  was	  no	  other	  heat	  source	  simulated	  in	  the	  program.	  The	  structure	  was	  rated	  highly	  insulated,	  having	  choices	  of	  low,	  medium	  and	  high.	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Figure	  105.	  First	  prototype	  for	  the	  RP_Performance	  Program	  simulation	  (Kitrina	  
Stratton).	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Figure	  106.	  First	  prototype	  FPSF	  detail	  (top)	  and	  plan	  view	  of	  FPSF	  (Kitrina	  Stratton).	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  Figure	  107.	  	  12’	  x	  15’	  Straw	  bale	  structure	  ceiling	  plan	  view	  (Kitrina	  Stratton)	  
	  	  
	  
Figure	  108.	  	  12’	  x	  15’	  First	  Straw	  bale	  structure	  simulation	  front	  elevation	  (Kitrina	  
Stratton)	   	  	  	  
15’
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   Monthly	  plots	  where	  initiated	  and	  output	  based	  on	  using	  the	  RP_Performance	  standard	  program	  for	  Duluth	  Minnesota	  (Refer	  back	  to	  page	  184	  for	  Brainerd	  information),	  which	  was	  the	  closest	  climate	  data	  center	  in	  this	  program	  and	  has	  colder	  summer	  temperatures	  and	  more	  cloud	  cover	  since	  it	  sits	  right	  next	  to	  Lake	  Superior:	  	   	   Duluth,	  Minnesota	   	   46˚47’13”N	  92˚05’53”W	  	   	   HDD65˚F	   	   	   	   	   9818	  	   	   CDD50˚F	   	   	   	   	   1536	   	   	   	   	  	   	   Winter	  Dry	  Bulb	  ˚F	   	   	   	   	  	  	  -­‐15˚F	  	   	   Summer	  Dry	  Bulb	   	   	   	   	  	  	  	  78˚F	  	   	   Summer	  Wet	  Bulb	   	   	   	   	  	  	  	  65˚F	  	   	   Mean	  Daily	  Range	  (˚F)	   	   	   	  	  	  	  19˚F	  	  	   The	  following	  Tables	  (34-­‐41)	  show	  the	  first	  results	  on	  how	  the	  building	  would	  perform	  in	  the	  given	  environment.	  The	  warmest	  (May	  -­‐	  August)	  and	  coldest	  months	  (December	  -­‐	  March)	  were	  simulated	  to	  predict	  that	  enough	  thermal	  comfort	  could	  be	  achieved	  to	  validate	  the	  design	  approach	  for	  this	  research.	  Each	  month’s	  beginning	  temperature	  starts	  where	  the	  month’s	  before	  ended.	  For	  example,	  November’s	  interior	  temperature	  was	  42˚on	  the	  last	  recorded	  day	  so	  December’s	  beginning	  temperature	  started	  at	  42˚	  (Table	  34).	  	  RP_Performance	  indicated	  that	  the	  roofpond	  could	  keep	  the	  environment	  stable	  between	  32˚	  -­‐	  40˚	  during	  December	  without	  any	  heat	  source	  other	  than	  the	  south	  solar	  glazing	  which	  had	  access	  to	  the	  high	  mass	  concrete	  floor	  and	  the	  roofpond.	  	  This	  was	  surprising	  and	  seemed	  counter	  intuitive,	  especially	  if	  you	  have	  spent	  anytime	  in	  that	  environment	  in	  the	  winter.	  	  Intuition	  would	  state	  that	  the	  roofpond	  would	  become	  a	  block	  of	  ice	  by	  December	  just	  as	  all	  of	  the	  lakes	  in	  the	  area.	  If	  you	  have	  not	  lived	  for	  any	  time	  in	  this	  area,	  these	  results	  could	  seem	  like	  a	  failure,	  but	  looking	  at	  the	  recorded	  outdoor	  temperatures,	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the	  roofpond	  keeps	  the	  interior	  temperatures	  stable,	  above	  freezing	  and	  anywhere	  from	  20˚	  to	  60˚	  above	  outdoor	  temperatures,	  which	  is	  a	  success	  in	  this	  environment	  and	  a	  great	  place	  to	  begin	  improving	  thermal	  performance	  by	  optimizing	  the	  roofpond	  strategy	  along	  with	  other	  addition	  passive	  strategies.	  	   The	  program	  compares	  three	  temperatures;	  the	  blue	  line	  is	  the	  roofpond	  building	  indoor	  temperature,	  the	  green	  line	  is	  an	  energy	  conserving	  building	  temperature	  without	  heat	  and	  the	  red	  line	  is	  the	  outdoor-­‐recorded	  temperature.	  
	  
	  
COLDEST	  MONTHS	  
	  
Table	  34	  December	  comparison	  temperatures
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Table	  35	  January	  comparison	  temperatures	  
	  
	  
	  
	  
Table	  36	  February	  comparison	  temperatures	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Table	  37	  March	  comparison	  temperatures	  
	  
	  
	  
	  
	  
WARMEST	  MONTHS	  
	  
Table	  38.	  May	  comparison	  temperatures	  reaching	  the	  higher	  end	  of	  comfort	  level	  and	  
movable	  insulation	  reverses	  to	  opening	  at	  night	  by	  the	  end	  of	  the	  month.	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Table	  39.	  June	  comparison	  temperatures	  with	  night	  cooling	  	  
	  
	  
	  
	  
Table	  40.	  July	  measured	  outdoor	  temperatures	  can	  reach	  90˚	  while	  inside	  
temperatures	  stay	  very	  even	  at	  around	  68˚	  -­‐	  70˚	  for	  the	  roofpond	  strategy.	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Table	  41	  August	  comparison	  temperatures,	  as	  the	  roofpond	  stays	  very	  thermally	  stable	  	  
	  
	  
	   After	  review	  of	  the	  simulation	  results,	  further	  refining	  of	  the	  systems	  and	  understanding	  how	  they	  perform	  and	  work	  together	  began.	  There	  was	  a	  need	  to	  increase	  the	  thermal	  performance	  of	  the	  structure	  in	  the	  colder	  months	  so	  as	  to	  achieve	  a	  more	  optimum	  temperature.	  	  In	  the	  warmer	  months	  appropriate	  temperatures	  are	  achieved	  and	  the	  structure	  works	  appropriately.	  Various	  adaptations	  to	  the	  foundation,	  the	  fenestration	  and	  the	  straw	  bale	  wall	  skin	  were	  investigated	  further.	  	  Using	  a	  more	  detailed	  and	  commonly	  used	  energy-­‐modeling	  program	  (HEED)	  an	  optimization	  of	  the	  components	  as	  a	  system	  took	  place.	  	  
6.3	  FINAL	  BUILDING	  SYSTEM	  DEFINED	  
	   After	  evaluation	  of	  the	  RP_Performance	  simulations,	  the	  structure	  was	  evaluated	  in	  the	  Home	  Energy	  Efficient	  Design	  (HEED)	  Modeling	  software.	  	  The	  software	  is	  divided	  into	  Basic	  and	  Advanced	  categories	  where	  it	  is	  possible	  to	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change	  values	  and	  performance	  standards	  while	  observing	  the	  energy	  outcomes	  compared	  to	  the	  California	  Energy	  Code	  and	  one	  that	  is	  a	  more	  efficient	  design.	  The	  Basic	  categories	  include	  and	  where	  used	  as	  follows:	  	  1. Window,	  Door	  and	  Sunshades	  Design:	  Both	  upper	  and	  lower	  south	  facing	  glazing	  units	  are	  15’	  x	  9’	  with	  a	  left	  and	  right	  fin	  depth	  of	  1’.	  	  There	  are	  upper	  and	  lower	  west	  wall	  glazing	  units	  (one	  each)	  3’	  x	  9’	  with	  a	  left	  fin	  of	  4’	  to	  shade	  for	  late	  afternoon	  summer	  sun.	  On	  the	  east	  wall	  there	  are	  one	  each	  upper	  and	  lower	  glazing	  units	  1’	  x	  9’	  with	  a	  left	  fin	  1’	  and	  a	  right	  fin	  of	  4’.	  2. Glass	  Type:	  Used	  Advanced	  design	  mode	  3. Insulation:	  	  Used	  Advanced	  design	  mode	  4. Walls:	  Used	  Advanced	  design	  mode	  5. Roof:	  Used	  Advanced	  design	  mode	  6. Floors:	  Earth	  under	  slab	  with	  construction	  specified	  in	  advance	  design	  mode.	  7. Infiltration:	  Used	  Advanced	  design	  mode	  8. Ventilation	  Cooling:	  Gentle	  Air	  Velocity	  up	  to	  160	  FPM,	  Window	  and	  Doors	  are	  manually	  opened	  if	  cooling	  is	  needed,	  	  9. Heating	  and	  Cooling	  10. Operable	  Shading	  11. Appliances	  and	  Plug	  Loads	  	  	  	   In	  each	  of	  these	  categories	  there	  are	  specific	  choices	  to	  pick	  from.	  	  When	  a	  more	  unique	  specification	  is	  needed,	  the	  Advanced	  section	  is	  where	  individual	  values	  can	  be	  input	  into	  the	  following	  categories:	  1. Surface	  Area	  Design	  2. Window/Sunshade/Door	  Design	  3. Daylight:	  Automatic	  Lighting	  Controls	  4. Thermal	  Mass:	  Interior	  Storage	  5. Internal	  Loads:	  Heat	  Gain	  to	  Interior	  Space	  6. HVAC	  Systems	  Design	  7. Water	  Heater	  8. AHRI	  Water	  Heater	  Data	  9. Solar	  Hot	  Water	  Design	  10. SRCC	  Solar	  Collector	  Data	  11. PV	  Power	  Design	  12. Electric	  Rates	  	  13. Fuel	  Rates	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   When	  the	  structure	  particulars	  were	  input	  into	  the	  software,	  all	  HVAC	  systems	  were	  turned	  off,	  all	  plug	  loads	  and	  appliances	  were	  subtracted	  and	  there	  are	  no	  occupants	  taken	  into	  account.	  This	  was	  done	  so	  that	  all	  of	  the	  passive	  systems	  could	  be	  looked	  at	  and	  the	  prototype	  structure	  manipulated,	  through	  trial	  and	  error,	  without	  any	  influence	  from	  other	  energy	  sources.	  The	  final	  adjustments	  needed	  to	  the	  final	  design	  were	  to	  the	  fenestration	  sizes,	  roofpond	  water	  depths,	  the	  building	  envelope	  skin	  and	  the	  optimal	  site	  direction.	  	  	  	   Glazing	  for	  both	  of	  the	  high	  mass	  collectors,	  the	  concrete	  floor	  and	  the	  roofpond,	  started	  at	  9’	  x	  5’	  for	  the	  roofpond	  and	  6’	  x	  6’7”	  for	  the	  concrete	  floor.	  After	  HEED	  simulations	  were	  ran,	  both	  glazing	  units	  were	  increased	  to	  15’	  x	  9’	  while	  the	  roofpond	  depth	  was	  increased	  from	  18”	  to	  24”.	  Glazing	  units	  were	  also	  added	  on	  the	  west	  wall,	  helping	  to	  increase	  solar	  radiation	  and	  aid	  in	  natural	  ventilation	  while	  smaller	  glazing	  units	  were	  added	  to	  the	  east	  side	  for	  natural	  ventilation	  purposes.	  	  This	  made	  a	  difference	  regulating	  summer	  heat	  gains.	  The	  straw	  bale	  skin	  was	  changed	  from	  plaster/stucco	  to	  a	  high	  permeability	  rated	  shotcrete	  increasing	  the	  high	  mass	  volume	  totals.	  	  The	  site	  direction	  started	  at	  due	  south	  until	  it	  was	  found	  that	  10˚	  southwest	  produced	  better	  results.	  Figure	  109	  shows	  the	  southwest	  and	  southeast	  elevations	  with	  the	  increased	  south	  glazing	  areas	  plus	  the	  added	  glazing	  with	  added	  and	  needed	  fins	  on	  the	  east	  and	  west	  walls.	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Figure	  109.	  Left,	  showing	  the	  south	  and	  west	  walls,	  on	  the	  right	  showing	  the	  east	  and	  
south	  walls	  (HEED	  Diagrams	  for	  program	  inputs).	  
	  
	  
	  
6.3.1	  Roofpond	  North	  Design	  Specifics	  	   The	  design	  parameters	  for	  the	  roofpond	  north	  are	  to	  construct	  an	  enclosed	  space	  above	  the	  living	  area	  that	  holds	  the	  high	  mass	  (water)	  system	  with	  south	  facing	  solar	  access.	  	  The	  actuality	  of	  this	  design	  is	  describe	  as	  follows:	  	  
1. The	  use	  of	  a	  ceiling	  material	  with	  high	  conductivity	  (metal)	  that	  will	  be	  a	  catalyst	  for	  heat	  to	  disseminate	  into	  the	  space	  through	  conduction	  and	  convection.	  Aluminum	  would	  be	  a	  good	  product	  to	  use	  but	  galvanized	  steel	  is	  usually	  more	  available	  and	  much	  more	  cost	  effective.	  	  If	  the	  steel	  is	  galvanized,	  then	  it	  needs	  to	  be	  painted	  so	  conductivity	  is	  increased	  (Figure	  110).	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Figure	  110.	  Thermal	  conductivity	  of	  some	  common	  building	  materials.	  	  Blue	  
end	  of	  has	  low	  conductivity	  while	  metals	  (red)	  have	  high	  conductivity	  
readings	  (www.netzsch-­‐thermal-­‐analysis.com)	  	  	   2. A	  metal	  structural	  system	  that	  will	  support	  the	  weight	  of	  the	  water	  overhead	  while	  helping	  to	  conduct	  heat	  (Figure	  111).	  	  This	  support	  system	  will	  need	  to	  be	  incorporated	  into	  the	  overall	  design	  of	  the	  interior	  space	  for	  structural	  integrity	  and	  aesthetics.	  	  	  
	  
Figure	  111.	  Metal	  ceiling	  with	  structure	  inside	  a	  home	  	  
that	  is	  perfect	  for	  a	  roofpond	  support	  system	  (dornob.com).	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  3. Above	  the	  metal	  ceiling	  a	  UV	  resistant	  thick	  black	  liner	  (either	  polypro-­‐pylene	  or	  EDPM	  rubber)	  to	  act	  as	  a	  waterproofing	  system	  and	  to	  also	  help	  absorb	  solar	  radiation	  (Figure	  112).	  This	  needs	  to	  be	  thick	  enough	  to	  resist	  punctures	  and	  hold	  in	  any	  possible	  leakage	  from	  the	  water	  tubes.	  
         
Figure	  112.	  EDPM	  rubber	  liner	  (left)	  and	  a	  UV	  stabilized	  PVC	  liner	  (right)	  
	  	   4. Clear	  plastic	  tubes	  that	  hold	  the	  water	  are	  made	  from	  a	  6	  mil	  48”	  polypropylene	  tubing	  roll	  (Figure	  113).	  This	  will	  accommodate	  a	  24”	  depth	  of	  water,	  deep	  enough	  for	  a	  roofpond	  north.	  	  In	  other	  climatic	  area’s	  different	  tubing	  widths	  will	  be	  needed	  as	  some	  environments	  only	  need	  a	  6”	  -­‐	  9”	  of	  water.	  The	  polypropylene	  will	  need	  to	  also	  have	  UV	  protection	  so	  the	  bags	  can	  last	  for	  a	  long	  period	  of	  time.	  The	  water	  	  (high	  mass)	  is	  mixed	  with	  a	  chorine	  or	  other	  bacteria	  inhibiting	  substance	  so	  water	  stays	  clear	  and	  free	  of	  unwanted	  growths.	  
   
Figure	  113.	  Clear	  6	  mil	  plastic	  film	  in	  a	  tube	  that	  will	  be	  sealed	  at	  one	  
end,	  filled	  with	  water	  and	  then	  sealed	  at	  the	  opposite	  end.	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   5. The	  attic	  space	  above	  and	  around	  the	  water	  bags	  can	  be	  covered	  in	  a	  highly	  reflective	  film	  to	  amplify	  the	  solar	  radiation.	  A	  product	  such	  as	  in	  Figure	  114	  can	  also	  add	  to	  the	  overall	  R-­‐Value	  of	  the	  attic	  space	  occupied	  by	  the	  roofpond.	  	  	  
	  
Figure	  114.	  Reflective	  Liner/Insulation	  (www.Tradercity.com)	  
	  
	  6. Glazing	  size	  and	  type	  for	  solar	  radiation	  access	  to	  the	  roofpond	  north	  is	  dependent	  on	  climate	  and	  conditions.	  The	  energy-­‐modeling	  program	  will	  determine	  the	  size	  of	  the	  area.	  A	  high	  SHGC	  and	  low	  U-­‐Factor	  will	  be	  needed	  for	  optimal	  performance	  of	  the	  system.	  	  7. The	  attic	  space/roof	  above	  the	  pond	  area	  will	  need	  to	  be	  highly	  insulated	  (R-­‐68),	  so	  that	  heat	  loss	  can	  be	  kept	  to	  a	  minimum.	  	  	  
6.3.2	  Straw	  Bale	  Structure	  Specifics	  	   The	  initial	  envelope	  structure	  was	  designed	  with	  straw	  bales	  found	  locally	  in	  Minnesota	  and	  the	  Dakota’s.	  	  The	  accessibility	  of	  the	  material	  was	  paramount	  in	  its	  use	  so	  there	  were	  three	  sources	  found	  in	  less	  that	  an	  hour	  within	  250	  miles.	  	  One	  source	  was	  60	  miles	  from	  the	  site	  location	  and	  the	  cost	  was	  $3.50,	  delivered,	  per	  bale.	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1. The	  dimensions	  of	  the	  bales	  were	  36”	  x	  16”	  x	  14”,	  making	  each	  bale	  approximately	  4.6	  ft2.	  	  The	  cost	  per	  square	  foot	  of	  building	  material	  and	  insulation	  would	  be	  $0.76	  ft2.	  When	  they	  are	  laid	  on	  edge	  (14”	  width)	  they	  have	  a	  higher	  R-­‐Value	  per	  inch	  while	  taking	  up	  less	  wall	  width.	  This	  is	  the	  way	  I	  believe	  is	  the	  best	  approach.	  The	  R-­‐Value	  used	  in	  the	  simulation	  is	  R-­‐45	  as	  there	  are	  varying	  accounts	  of	  real	  R-­‐Value	  of	  straw	  bale	  with	  plaster.	  	  	  2. For	  the	  northern	  climates	  a	  2”	  each	  side,	  high	  perm	  (at	  least	  3	  perms)	  shotcrete	  mixture	  will	  be	  used	  to	  reduce	  any	  moisture	  issues	  that	  may	  arise	  due	  to	  the	  area’s	  climatic	  conditions.	  This	  process	  is	  faster	  and	  easier	  to	  complete	  a	  structure.	  Exterior	  and	  interior	  textures,	  color,	  and	  decorative	  additives	  are	  available	  for	  individualization	  or	  customization.	  The	  color	  can	  be	  integrated	  into	  the	  wet	  mix	  prior	  to	  placement,	  added	  to	  the	  freshly	  placed	  shotcrete,	  stained	  once	  it	  has	  been	  cured,	  or	  painted	  after	  it	  has	  cured	  (Figure	  115).	  The	  aggregate	  textures	  are	  added	  into	  the	  mix,	  placed	  with	  the	  concrete	  and	  then	  the	  concrete	  surfaced	  is	  waste	  off	  with	  water	  to	  expose	  the	  aggregate	  (Figure	  116).	  3. There	  is	  mesh	  over	  the	  strawbale	  and	  every	  4	  feet	  structural	  rebar	  posts	  covered	  in	  2”	  of	  shotcrete	  applied	  before	  final	  covering	  of	  shotcrete	  over	  entire	  straw	  bales	  and	  posts.	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Figure	  115.	  Individual	  applying	  shotcrete	  (left,	  www.cascadedomes.com)	  with	  some	  
soy	  based	  color	  variations	  (right,	  www.dcpolish.com)	  
	  
	   Figure	  116.	  Aggregate	  varieties	  and	  colors	  (www.poolcenter.com)	  
	  
	  
	  
6.3.3	  Fenestration	  Specifics	  	   The	  right	  fenestration	  product	  and	  placement	  for	  passive	  solar	  strategy	  performance	  is	  very	  important	  for	  efficient	  and	  effective	  passive	  solar	  energy	  strategies.	  The	  overall	  value	  to	  cost	  ratios	  relative	  to	  performance	  are	  something	  that	  the	  energy	  modeling	  software	  should	  be	  the	  most	  beneficial	  in	  deciphering.	  For	  the	  northern	  environment	  the	  Efficient	  Window	  Collaborative	  Selection	  Tool	  (Chapter	  4,	  Section	  4.16)	  specified	  three	  different	  manufacturers	  for	  appropriate	  products.	  From	  this	  selection	  tool,	  a	  comparison	  was	  made	  and	  not	  only	  did	  the	  best	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manufacture	  have	  outstanding	  specifications	  for	  the	  needs	  but	  the	  manufacturing	  plant	  was	  within	  250	  miles	  of	  the	  site.	  	   Wasco	  was	  the	  Chosen	  Window	  and	  Door	  Manufacturer	  for	  a	  Northern	  Climate.	  WASCO	  manufactures	  replacement	  and	  new	  construction	  windows	  in	  Wisconsin,	  specifically	  for	  northern	  climates	  that	  need	  exceptional	  quality,	  durable	  craftsmanship,	  and	  that	  maximizes	  energy	  savings	  during	  all	  seasons.	  Tables	  42	  –	  44	  show	  how	  their	  different	  triple	  pane	  super	  windows	  perform	  in	  a	  cold	  northern	  climate	  and	  still	  allow	  ample	  solar	  heat	  gain	  when	  needed.	  	  
  
Table	  42	   	   	   	   	   	   Table	  43	       
 
 
Table	  44	  	   	  
Tables	  42-­‐44.	  	  Upper	  left	  is	  interior	  glass	  
temperatures,	  upper	  right	  is	  the	  center	  Glass	  
u-­‐factor	  and	  bottom	  left	  it	  the	  Center	  Glass	  
SHGC.	  The	  following	  data	  was	  generated	  using	  
LBNL	  Window	  Research	  Version	  6.0.	  U-­‐Factor	  
and	  winter	  interior	  glass	  temperatures	  were	  
calculated	  for	  NFRC	  100-­‐2004	  Winter	  
Conditions	  (approximately	  0°F	  outside);	  
SHGC's	  were	  calculated	  for	  NFRC	  100-­‐2004	  
Summer	  Conditions	  (approximately	  
90°)(WASCO	  2014)	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   All	  the	  windows	  and	  doors	  used	  in	  this	  simulation	  have	  the	  same	  glazing	  specifications	  that	  beat	  the	  Passivehaus	  standards	  and	  are	  identified	  as	  such	  with	  the	  following	  labeling	  system	  shown	  in	  Figure	  117.	  	  
	  
	   Figure	  117.	  Passivehass	  House	  Institute	  approval	  label	  for	  Wasco	  Window	  and	  Doors	  
(WASCO,	  2014)	  
	  
	   1. The	  profiles	  are	  for	  both	  the	  windows	  and	  doors	  and	  are	  built	  with	  REHAU	  RAU-­‐PVC.	  They	  were	  originally	  developed	  in	  the	  1990’s	  as	  part	  of	  REHAU’s	  Thermo-­‐design	  program	  in	  Germany.	  REHAU	  was	  the	  first	  fully	  reinforced	  window	  profile	  made	  from	  the	  high	  tech	  material	  RAU-­‐FIPRO.	  	  It	  is	  the	  most	  energy	  efficient	  window	  profile	  of	  it‘s	  kind	  for	  the	  Passive	  House	  Standard	  (eg	  Uw=	  0,73	  W/m2K)	  up	  to	  energy	  efficient	  buildings	  exceeding	  Part	  L	  2010	  (eg	  Uw=	  1,1	  W/m2K)	  with	  a	  Uf	  Value	  of	  up	  to	  0,85	  W/m2K.	  	  The	  profiles	  are	  very	  deep	  and	  have	  4	  chambers	  with	  insulation	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within	  the	  chambers	  making	  for	  a	  highly	  insulated	  profile	  as	  shown	  in	  Figure	  118.	  Even	  though	  this	  framing	  material	  has	  not	  been	  previously	  discussed	  it	  was	  chosen	  because	  of	  its	  superior	  performance.	  	  It	  is	  relatively	  new	  on	  the	  market	  and	  is	  being	  shipped	  as	  an	  extrusion	  (WASCO	  2014).	  
	  	  	   	  
Figure	  118.	  Section,	  isometric	  and	  actual	  cut-­‐through	  profiles	  (WASCO,	  2014)	  	  	  	  2. The	  tilt	  and	  turn	  glazing	  unit	  consists	  of	  a	  1.604”	  triple	  pane	  glass	  package	  that	  features	  Cardinal	  LoE3	  double	  strength	  glass	  and	  a	  SuperSpacer	  (Figure	  119).	  This	  SuperSpacer	  adds	  more	  space	  between	  panes	  to	  help	  keep	  the	  air	  in	  the	  space	  at	  interior	  room	  temperatures.	  As	  can	  be	  seen	  from	  the	  label	  in	  Figure	  117,	  there	  is	  a	  whole	  window	  installed	  value	  of	  U-­‐0.15	  and	  a	  SHGC	  of	  0.55.	  
!
!
!
!
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Figure	  119.	  The	  triple	  glazed	  SuperSpacer	  tilt	  and	  turn	  Superwindow	  from	  Wasco	  
(wascowindows.com)	  
	  
	  
	   3. 	  Thermal	  performance	  of	  the	  WASCO	  is	  shown	  in	  illustration	  in	  Figure	  120,	  creating	  a	  highly	  energy	  efficient	  fenestration	  choice.	  
	   	   	  
	   Figure	  120.	  Left:	  Before	  renovation:	  old	  timber	  windows;	  the	  window	  areas	  
	   loose	  a	  lot	  of	  energy	  (picture:	  red).	  Right:	  	  After	  replacement:	  reduced	  energy	  
	   losses	  using	  the	  GENEO	  window	  system	  (WASCO,	  2014).	  	  	  	  
6.3.4	  	  Frost	  Protected	  Shallow	  Foundation	  	   Note	  that	  because	  of	  the	  relative	  newness	  of	  the	  FPSF,	  in-­‐field	  verification	  of	  desired	  R-­‐Value	  should	  proceed	  before	  actual	  construction.	  	  Results	  of	  data	  show	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that	  insulation	  under	  the	  slab	  produces	  the	  best	  HERS	  results	  and	  less	  energy	  consumption	  but	  that	  may	  not	  be	  true	  for	  a	  FPSF.	  	  Because	  of	  the	  extra	  horizontal	  insulation	  (wings)	  that	  is	  used	  in	  the	  FPSF,	  this	  option	  is	  not	  available	  to	  test	  in	  the	  HEED	  (refer	  to	  section	  6.2	  Figure	  106	  top	  view).	  	  It	  only	  allows	  for	  either	  vertical	  or	  under	  slab	  insulation	  values.	  Data	  could	  not	  be	  found	  on	  the	  impact	  of	  the	  increase	  using	  both	  vertical	  and	  horizontal	  insulation	  in	  overall	  foundation	  R-­‐values.	  	  	   The	  benefits	  to	  this	  type	  of	  the	  high	  mass	  foundation	  choice	  are	  for	  other	  reasons	  discussed	  in	  Chapter	  5	  with	  a	  knowledge	  that	  with	  further	  development	  and	  testing,	  plus	  the	  additional	  insulation	  requirements,	  increased	  energy	  conservation	  will	  be	  discovered	  with	  the	  FPSF.	  	  
	  
6.4	  DESIGN	  REFINEMENT	  WITH	  HEED	  SIMULATIONS	  
	   The	  final	  design	  was	  decided	  upon	  from	  the	  use	  of	  using	  multiples	  iterations	  to	  that	  original	  system	  design	  and	  then	  running	  them	  through	  HEED.	  Using	  the	  four	  parts	  of	  the	  building	  system	  that	  are	  being	  analyzed	  for	  thermal	  comfort	  performance	  in	  a	  northern	  climate,	  individual	  component	  variations	  were	  tested	  to	  observe	  and	  evaluate	  their	  impact	  on	  the	  total	  overall	  thermal	  performance	  of	  the	  whole	  system.	  	  Refinements	  were	  made	  to	  the	  original	  design	  from	  the	  RP_Performance	  evaluation,	  which	  included	  increases	  to	  the	  south	  fenestration	  sizes,	  fenestration	  additions	  to	  east	  and	  west	  walls,	  and	  an	  increase	  in	  thermal	  mass	  components;	  increase	  to	  both	  wall	  concrete	  skin	  thickness	  and	  roofpond	  depth.	  Once	  the	  optimal	  combination	  of	  component	  particulars	  was	  reached,	  this	  system	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was	  labeled	  Highly	  Insulated	  Roofpond	  Building	  (HIRB).	  The	  final	  HEED	  prototype	  design	  input	  is	  as	  follows:	  1. Building	  a. 16’	  x	  16’	  (only	  4’	  x	  4’	  units	  available	  in	  the	  HEED	  simulation	  software)	  b. Two	  stories	  with	  the	  second	  story	  accommodating	  the	  Roofpond	  c. 9’	  floor	  to	  floor	  height	  with	  the	  ceiling	  at	  8’	  d. 512	  sq.ft.	  with	  actual	  living	  space	  to	  be	  256	  sq.ft.	  (ground-­‐floor)	  with	  the	  rest	  being	  the	  area	  of	  the	  roofpond	  placement	  (second	  floor)	  e. Total	  Volume	  of	  space	  to	  heat	  of	  4,096	  Cu.	  Ft.	  f. Front	  is	  facing	  10	  degrees	  west	  of	  south	  g. 0.55	  Roof	  reflectance	  and	  0.75	  thermal	  emittance	  (cool	  and	  flat)	  h. Straw	  bale	  walls	  with	  2”	  both	  sides	  of	  shotcrete	  are	  valued	  at	  a	  U	  factor	  of	  0.022	  (R-­‐45)	  and	  lag	  time	  of	  12	  with	  a	  decrement	  factor	  of	  0.10.	  2. South	  Fenestration	  a. Ground	  and	  Roofpond	  floors:	  9’	  x	  15’	  glazing	  units	  with	  the	  left	  and	  right	  fin	  designation	  set	  at	  1’	  (depth	  of	  straw	  bale	  wall).	  b. Specified	  at	  U-­‐0.15	  and	  SHGC	  at	  0.55.	  c. R-­‐19	  moveable	  insulation	  to	  cover	  glazing	  when	  solar	  heat	  gain	  is	  not	  available	  or	  not	  wanted.	  3. West	  Fenestration	  a. Ground	  and	  Roof	  Pond	  Floors:	  3’	  x	  9’	  glazing	  units	  with	  a	  left	  fin	  depth	  of	  4’	  for	  summer	  afternoon	  shading	  while	  movable	  insulation	  is	  open.	  b. Specified	  at	  U-­‐0.15	  and	  SHGC	  at	  0.55	  c. R-­‐19	  moveable	  insulation	  to	  cover	  glazing	  when	  solar	  heat	  gain	  is	  not	  available	  or	  not	  wanted	  and	  when	  glazing	  is	  opened	  for	  natural	  ventilation	  needs.	  4. East	  Fenestration	  a. Ground	  and	  Roof	  Pond	  Floors:	  1’	  x	  9’	  glazing	  units	  with	  a	  left	  fin	  depth	  of	  1’	  and	  a	  right	  fin	  depth	  of	  4’.	  The	  left	  fin	  depth	  is	  for	  the	  depth	  of	  the	  straw	  bale	  wall	  consideration	  and	  the	  right	  fin	  depth	  is	  shading	  for	  summer	  morning	  solar	  heat	  gain	  while	  the	  movable	  insulation	  is	  open	  for	  ventilation	  purposes.	  b. Specified	  at	  U-­‐0.15	  and	  SHGC	  at	  0.55	  c. R-­‐19	  moveable	  insulation	  to	  cover	  glazing	  when	  solar	  heat	  gain	  is	  not	  available	  or	  not	  wanted	  and	  when	  glazing	  is	  opened	  for	  natural	  ventilation	  needs.	  5. Concrete	  slab	  edge	  is	  64’	  with	  an	  F-­‐Factor	  of	  0.16	  with	  earth	  under	  the	  slab	  6. Ventilation	  Cooling:	  a. Gentle	  air	  velocity	  with	  air	  motion	  up	  to	  160	  FPM.	  	  b. Windows	  and	  doors	  are	  manually	  opened	  if	  cooling	  is	  needed	  c. Forced	  air	  ventilation	  is	  with	  a	  Smart	  thermostat	  controlled	  whole	  house	  fan	  that	  throttles	  back	  to	  achieve	  gentle	  air	  velocities	  7. Heating	  and	  Air	  Conditioning:	  a. Electric	  Baseboards	  for	  heating	  when	  required	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b. No	  air	  conditioner	  as	  all	  cooling	  needs	  can	  be	  supplied	  without	  use.	  8. All	  plug	  loads	  and	  appliance	  loads	  where	  set	  to	  0.	  9. Thermal	  mass	  is	  achieved	  with	  2	  surfaces	  (top	  and	  bottom)	  of	  16’	  x	  16’	  x	  2’	  tubes	  of	  water	  that	  are	  a	  total	  of	  3,840	  gallons	  along	  with	  the	  added	  2”	  of	  concrete	  on	  the	  interior	  straw	  bale	  walls	  and	  the	  4.99”	  concrete	  slab.	  10. There	  are	  no	  occupants	  in	  this	  simulation	  and	  no	  heat	  gain	  from	  appliances	  or	  plug	  loads.	  11. Water	  heat	  type	  is	  stated	  as	  None	  =	  0.	  12. There	  is	  not	  any	  Photovoltaic	  systems,	  solar	  collector	  panels	  or	  storage	  tanks	  13. All	  fuels	  needed	  are	  electric	  with	  an	  average	  cost	  of	  $0.11	  kWh.	  	  Climate	  and	  site	  data	  used:	  (HEED	  default)	  1. California	  comparison	  zone	  16	  (used	  to	  establish	  Energy	  Code	  Requirements	  for	  comparison	  Scheme	  1)	  2. Winter	  Outdoor	  Design	  Low	  Temperature	  of	  -­‐47.02˚	  3. Summer	  Outdoor	  Design	  High	  Temperature	  of	  84.20˚	  4. 8,601.31	  Heating	  Degree	  Days	  (from	  Base	  64˚)	  5. Lowest	  indoor	  comfort	  temperature	  of	  68˚	  6. Highest	  indoor	  comfort	  temperature	  of	  75˚	  7. Ground	  reflectance	  of	  0.40	  for	  an	  average	  of	  taking	  into	  consideration	  for	  the	  months	  with	  snow	  and	  the	  months	  without.	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CHAPTER	  7	  RESEARCH	  ANALYSIS	  AND	  SUMMARY	  	  	  
7.1	  EVALUTION	  OF	  HEED	  SIMULATION	  EXPERIMENT	  DESIGN	  	   The	  experiment	  was	  set	  up	  to	  see	  the	  effect	  on	  changing	  or	  altering	  each	  separate	  component	  to	  see	  the	  effect	  of	  HEED’s	  results	  and	  ultimately	  the	  HERS	  rating.	  This	  was	  done	  to	  evaluate	  the	  importance	  and	  necessity	  of	  each	  component	  and	  to	  find	  the	  overall	  value	  of	  that	  component.	  	  It	  is	  also	  a	  way	  to	  evaluate	  if	  an	  increase	  in	  cost	  of	  a	  component,	  if	  any,	  would	  be	  justified.	  It	  can	  also	  be	  used	  to	  evaluate	  the	  system	  if	  it	  is	  constructed	  in	  a	  climate	  or	  site	  where	  one	  of	  the	  components	  needs	  to	  be	  modified	  and	  what	  the	  overall	  effect	  on	  building	  performance	  might	  be.	  	  If	  this	  system	  is	  to	  be	  flexible,	  each	  component	  needs	  to	  show	  its	  value	  independently	  and	  the	  possible	  outcome	  if	  changed.	  	  	   The	  variables	  tested	  for	  each	  category	  are	  as	  follows:	  1. Foundation	  a. (1)	  HEED	  Most	  energy	  efficient	  Slab:	  on	  Grade	  F=0.42	  b. (2)	  Frost	  Protected	  Shallow	  Foundation	  Exterior	  Slab	  on	  Grade:	  F=0.36	  	   2. Windows	  -­‐	  No	  Movable	  Insulation	  a. (3)	  is	  HEED	  More	  energy	  efficient	  design:	  U=0.40	  with	  SHGC=0.40	  b. (4)	  is	  2	  Pane	  Argon	  double	  low	  e:	  U=.32	  with	  SHGC=0.28	  	  c. (5)	  is	  Highest	  Performance	  Low	  U	  High	  SHGC:	  Triple	  pane	  U=0.15	  with	  SHGC=0.55	  	   	   With	  Movable	  Insulation	  d. (6)	  is	  (3)+R-­‐5	  movable	  insulation	  	  e. (7)	  is	  (4)+R-­‐5	  movable	  insulation	  f. (8)	  is	  (5)+R-­‐5	  movable	  insulation	  g. (9)	  is	  (3)+R-­‐19	  movable	  insulation	  h. (10)	  is	  (4)+R-­‐19	  movable	  insulation	  	   3. Walls/Roof	  R	  Values	  a. (11)	  More	  energy	  efficient	  =	  R	  21/R	  38	  b. (12)	  1.5	  times	  code	  =	  R	  32/R-­‐38	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c. (13)	  2	  times	  code	  =	  R	  40	  /	  R-­‐60	  	   4. Thermal	  Mass	  	  a. (14)	  Slab	  Only	  b. (15)	  Slab	  +	  2”	  concrete	  on	  walls	  c. (16)	  Slab	  +	  12”	  of	  interior	  water	  2	  surfaces	  d. (17)	  Slab	  +	  18”	  of	  interior	  water	  2	  surfaces	  e. (18)	  Slab	  +	  24”	  of	  interior	  water	  2	  surfaces	  	   	  In	  the	  following	  section	  (7.2)	  the	  first	  charts	  for	  each	  category	  will	  compare	  the	  variation	  outcomes	  with	  the	  Building	  Thermal	  Loads	  for	  January	  while	  the	  second	  set	  will	  compare	  the	  outcomes	  for	  July.	  	  The	  third	  set	  of	  charts	  will	  show	  the	  indoor	  and	  outdoor	  air	  temperatures	  for	  January	  and	  July,	  and	  the	  fourth	  set	  of	  charts	  will	  compare	  the	  Energy	  Use	  Intensity	  (EUI).	  Energy	  use	  intensity	  (EUI)	  
expresses a building’s energy use as a function of its size and/or other 
characteristics. A benchmark for a building is needed for the Energy Star’s 
Portfolio Manager and is one of the key metrics used (Energy Star 2014). A low 
number usually represents an efficient building but different building uses 
influence this number as certain building types use more energy than others.	  	  
7.2	  HIGH	  PERFORMANCE	  BUILDING	  HEED	  SIMULATION	  RESULTS	  
	   The	  final	  prototype	  design	  of	  the	  High	  Performance	  Building	  (HPB)	  for	  a	  cold	  northern	  climate	  was	  simulated	  using	  the	  criteria	  in	  Chapter	  6,	  Section	  6.4,	  which	  is	  as	  follows	  for	  each	  one	  of	  the	  variations:	  	   -­‐	  Straw	  Bale	  Walls	  /	  Insulated	  Roof:	  R-­‐45	  /	  R-­‐68	  	  	   -­‐	  Fenestration:	  U-­‐.015	  and	  SHGC	  –	  0.55	  	  	   -­‐	  Movable	  Insulation	  over	  all	  Fenestration	  at	  R-­‐19	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   -­‐	  Frost	  Protected	  Shallow	  Foundation	  Slab	  on	  Grade:	  	  F	  factor	  .016	  -­‐	  High	  Mass:	  2”	  concrete	  both	  sides	  on	  straw	  bale	  walls,	  concrete	  floor	  	  @	  4”	  and	  a	  24”	  deep	  Roof	  Pond	  (water)	  	   Heating/Cooling	  Degree	  Days	  are	  a	  measure	  of	  the	  coldness/warmness	  of	  the	  weather	  experienced	  based	  on	  the	  extent	  to	  which	  the	  temperature	  falls	  below	  or	  above	  a	  reference	  point	  (65˚	  and	  72˚)	  (AGA,	  2014).	  The	  resultant	  values	  for	  the	  HPB	  with	  8,760	  (9,466	  for	  2013)	  Heating	  Degree	  Days	  set	  at	  a	  65˚	  base	  with	  303	  Cooling	  Degree	  Days	  set	  at	  a	  72˚	  base	  are	  as	  follows:	  	  High	  Performance	  Building	  (HPB)(Table	  48):	  HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  2	  	   	   Hours	  no	  heating	  needed	   	   	   8,439	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  321	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  356	  	   	   EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  2.37	  	   	   	   	  	  	  	   The	  data	  above	  shows	  the	  HPB	  at	  a	  HERS	  2	  rating.	  The	  HERS	  index	  represents	  a	  home’s	  energy	  rating	  and	  compares	  the	  data	  against	  a	  reference	  home	  which	  is	  a	  design	  modeled	  structure	  of	  the	  same	  size	  and	  shape	  as	  the	  new	  structure;	  the	  lower	  the	  number,	  the	  more	  energy	  efficient	  the	  home	  (RESNET	  2014).	  The	  U.S.	  Department	  of	  Energy	  has	  determined	  that	  a	  typical	  resale	  home	  scores	  130	  on	  the	  HERS	  Index	  while	  a	  standard	  new	  home	  meeting	  energy	  codes	  is	  rated	  at	  100.	   	  Table	  43	  shows	  the	  Building	  Thermal	  Loads	  (Btu’s)	  of	  the	  HPB	  for	  January.	  	  Solar	  radiation	  from	  the	  south	  facing	  windows	  is	  supplying	  the	  building	  with	  needed	  solar	  heat	  gains	  from	  9:00	  a.m.	  to	  4:00	  p.m.	  when	  the	  movable	  insulation	  is	  removed	  from	  the	  window	  area.	  The	  Btu’s	  gained	  from	  solar	  radiation	  ranges	  from	  1,000	  at	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9:00	  a.m.	  to	  over	  18,000	  at	  1:00	  p.m.	  	  They	  begin	  to	  decline	  to	  5,000	  Btu’s	  at	  4:00	  p.m.	  when	  the	  movable	  insulation	  is	  closed	  to	  cover	  the	  windows	  to	  preserve	  and	  conserve	  the	  heat	  gained	  in	  the	  high	  mass	  floor	  and	  roof	  pond.	  	  The	  graph	  shows	  a	  dramatic	  fall	  off	  of	  heat	  gains	  once	  this	  happens.	  	  From	  this	  one	  could	  conjecture	  that	  the	  movable	  insulation	  could	  stay	  open	  until	  5:00	  p.m.	  as	  there	  are	  more	  eat	  gains	  to	  be	  gained.	  	  This	  could	  be	  because	  the	  structure	  sits	  10˚	  west	  of	  south	  and	  has	  longer	  access	  to	  solar	  radiation	  later	  in	  the	  day.	  The	  east	  facing	  windows	  add	  a	  small	  amount	  of	  solar	  heat	  gains	  in	  the	  morning	  while	  the	  west	  facing	  windows	  add	  approximately	  500	  Btu’s	  to	  750	  Btu’s	  from	  1:00	  p.m.	  to	  4:00	  p.m.	  	  The	  heat	  losses	  are	  reduced	  for	  all	  of	  the	  windows	  to	  a	  minimal	  500	  Btu’s	  throughout	  the	  night	  when	  the	  movable	  insulation	  is	  closed.	  	   The	  majority	  of	  heat	  loss	  is	  from	  infiltration	  and	  ventilation	  at	  night	  and	  during	  cold	  weather	  days	  (Table	  45).	  They	  average	  around	  1500	  Btu’s	  and	  vary	  very	  little	  from	  hour	  to	  hour.	  Because	  the	  HEED	  simulation	  does	  not	  have	  the	  specific	  details	  of	  straw	  bale	  construction,	  the	  infiltration	  numbers	  might	  vary	  from	  this	  simulation	  as	  there	  are	  very	  few	  infiltration	  points	  in	  this	  structure	  relative	  to	  a	  heavily	  insulated	  stick	  frame	  construction	  structure.	  Because	  this	  HPB’s	  walls	  have	  an	  R-­‐Value	  of	  45	  and	  roof	  with	  an	  R-­‐68,	  there	  are	  minor	  heat	  losses	  from	  all	  of	  the	  walls	  and	  roof	  together	  totaling	  approximately	  750	  Btu’s.	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Table	  45.	  HPB	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January.	  	  
	  
	  
	  
	   Building	  Thermal	  Loads	  for	  July	  are	  shown	  in	  table	  46.	  	  In	  this	  prototype	  design	  there	  is	  natural	  ventilation	  used	  for	  summer	  thermal	  comfort	  and	  there	  is	  not	  any	  back	  up	  air	  conditioning	  because	  summer	  indoor	  thermal	  comfort	  can	  stay	  within	  an	  acceptable	  range	  for	  most	  of	  the	  time	  using	  natural	  ventilation	  along	  with	  ceiling	  fans	  running	  when	  necessary.	  The	  one	  thing	  that	  does	  need	  to	  be	  considered	  is	  high	  humidity,	  which	  can	  be	  reduced	  with	  increased	  airflow	  with	  the	  ceiling	  fans	  simulated	  in	  the	  program.	  	  	   The	  majority	  of	  heat	  gains	  are	  from	  the	  south	  facing	  windows	  starting	  from	  7:00	  a.m.	  and	  continuing	  until	  7:00	  p.m.	  	  I	  would	  conclude	  that	  this	  is	  from	  removing	  the	  movable	  insulation	  from	  over	  the	  windows	  beginning	  and	  ending	  at	  the	  times	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when	  heat	  gains	  start	  and	  end.	  	  Since	  the	  HEED	  simulation	  does	  not	  allow	  for	  manipulation	  of	  this	  feature,	  I	  can	  only	  assume	  that	  the	  movable	  insulation	  units	  have	  been	  removed	  and	  solar	  radiation	  has	  some	  access	  to	  the	  interior	  of	  the	  structure	  causing	  the	  heat	  gains.	  Since	  the	  east	  and	  west	  windows	  are	  used	  for	  natural	  ventilation,	  which	  is	  needed	  at	  this	  time	  of	  the	  year,	  there	  are	  also	  a	  small	  amount	  of	  heat	  gains	  from	  those	  windows.	  	  There	  is	  an	  unexplainable	  spike	  in	  heat	  gains	  at	  6:00	  p.m.	  from	  the	  south	  facing	  windows.	  	  This	  happens	  in	  all	  variations	  except	  where	  the	  movable	  insulation	  is	  removed	  from	  the	  equation	  and	  the	  windows	  are	  exposed	  at	  all	  time	  (Section	  7.2.2).	  An	  explanation	  for	  this	  could	  be	  because	  of	  thermal	  response	  where	  the	  greatest	  amount	  of	  sun	  exposure	  is	  during	  the	  early	  afternoon	  hours	  but	  it	  takes	  time	  to	  actually	  heat	  the	  surface	  of	  the	  earth	  with	  the	  delay	  between	  maximum	  sun	  exposure	  and	  the	  warmest	  time	  of	  the	  day	  being	  this	  phenomenon.	  In	  Minnesota	  in	  July	  the	  warmest	  part	  of	  the	  day	  is	  between	  5:30	  p.m.	  and	  6:00	  p.m.	  as	  shown	  in	  table	  46.	  	  	  Even	  if	  this	  is	  the	  cause,	  5:00	  p.m.	  heats	  gains	  would	  seem	  to	  be	  higher	  also	  due	  to	  steady	  or	  increasing	  outdoor	  temperature.	  In	  this	  variation	  it	  appears	  the	  movable	  insulation	  could	  stay	  open	  in	  the	  afternoon	  for	  another	  hour	  as	  the	  heat	  gains	  drop	  dramatically	  at	  4:00.	  	  Since	  the	  building	  is	  10˚	  from	  south	  there	  may	  be	  additional	  solar	  radiation	  available	  that	  is	  not	  taken	  into	  account	  with	  the	  movable	  insulation	  timing	  in	  the	  HEED	  simulation.	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Table	  46.	  HPB	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	  	  
	  
	   The	  results	  for	  the	  indoor	  and	  outdoor	  temperature	  comparisons	  for	  January	  and	  July	  are	  shown	  with	  an	  auxiliary	  heat	  source	  in	  table	  47.	  	  The	  summer	  indoor	  temperatures	  are	  higher	  than	  78˚	  so	  thermal	  comfort	  can	  be	  achieved	  through	  natural	  ventilation,	  auxiliary	  ceiling	  fan	  air	  movement	  and	  through	  using	  the	  roof	  pond	  as	  an	  air-­‐cooling	  system	  (Table	  47).	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Table	  47.	  The	  HPB	  January	  and	  July	  temperatures.	  
	  	  
 Table 48 shows the EUI at 2.37kBtu/sq.ft.	  has	  the	  lowest	  usage	  amount	  of	  all	  of	  the	  following	  simulation	  variations.	  	  
	  
Table	  48.	  HPB	  EUI	  at	  2.37kBtu/sq.ft.	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   This HPB simulation data will be used as the standard and the different 
variations in each category will be compared to this standard. The	  data	  in	  table	  49	  shows	  the	  outcomes	  of	  the	  HEED	  simulations	  for	  all	  of	  the	  individual	  variations.	  Each	  variation	  will	  be	  explained	  and	  analyzed	  relative	  to	  the	  standard	  and	  to	  the	  other	  variations	  within	  its	  category.	  	  Each	  category	  will	  be	  summarized	  as	  to	  its	  importance	  and	  value	  in	  the	  overall	  building	  system	  using	  the	  simulation	  results.	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Table	  49.	  Comparisons	  of	  the	  variations	  of	  the	  building	  systems	  evaluated	  with	  HEED	  
simulation	  software.	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7.2.1	  Foundation	  Results	  
	   The	  foundation	  was	  the	  first	  building	  system	  to	  be	  revised	  in	  HEED.	  	  Two	  different	  options	  were	  used.	  The	  first	  option	  used	  in	  all	  of	  the	  categories	  is	  HEED’s	  More	  Energy	  Efficient	  Design	  which	  is	  suppose	  to	  be	  15%	  better	  than	  California	  energy	  code	  minimums	  (HEED	  2014),	  in	  the	  case	  of	  this	  building	  design.	  The	  second	  option	  was	  from	  a	  minimum	  requirement	  for	  a	  frost	  protected	  shallow	  foundation	  for	  a	  climate	  zone	  of	  3,500	  and	  the	  standard	  was	  derived	  from	  a	  deeper	  and	  more	  highly	  insulated	  frost	  protected	  shallow	  foundation.	  	  	   The	  data	  obtained	  from	  the	  HEED	  simulation	  is	  as	  follows:	  (1)	  -­‐	  HEED	  Most	  Energy	  Efficient	  House	  (MEEH)	  in	  tables	  50,	  52,	  54	  and	  56.	  Slab	  on	  Grade:	  F=0.42	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  2	  	   	   Hours	  no	  heating	  needed	   	   	   8,439	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  321	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  356	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  3.15	  	  (2)	  -­‐	  Frost	  Protected	  Shallow	  Foundation	  slab	  on	  grade	  in	  tables	  51,	  53,	  55	  	  and	  57.	  Slab	  on	  Grade:	  F=0.36	  	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  2	  	   	   Hours	  no	  heating	  needed	   	   	   8,395	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  365	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  472	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  2.97	  January	  Building	  Thermal	  Loads	  for	  variations	  1	  and	  2	  are	  shown	  in	  tables	  50	  and	  51	  respectively.	  	  There	  is	  a	  little	  difference	  in	  all	  the	  building	  foundation	  systems	  tested	  but	  they	  all	  perform	  at	  a	  HERS	  2.	  Since	  this	  is	  designed	  for	  a	  cold	  climate	  environment,	  using	  additional	  insulation	  to	  the	  foundation	  does	  help	  achieve	  more	  energy	  efficiency	  as	  illustrated	  by	  the	  data	  for	  the	  HPB	  standard	  in	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table	  49	  but	  most	  of	  all,	  it	  helps	  achieve	  what	  the	  frost	  protected	  shallow	  foundation	  was	  designed	  to	  do:	  protect	  the	  foundation	  from	  frost	  heave.	  	  With	  varying	  climate	  conditions	  and	  a	  2013	  winter	  season	  of	  record	  lows,	  designing	  past	  the	  minimum	  should	  be	  a	  serious	  consideration.	  	   In	  variation	  1,	  solar	  radiation	  from	  south	  facing	  windows	  is	  providing	  more	  heat	  gain	  than	  the	  standard	  for	  hours	  2:00	  p.m.	  to	  4:00	  p.m.	  	  There	  are	  also	  more	  heat	  losses	  from	  infiltration	  and	  the	  floor	  slab	  than	  the	  standard	  resulting	  in	  more	  losses	  than	  overall	  gains.	  Variation	  2	  is	  similar	  to	  variation	  1	  except	  it	  has	  slightly	  less	  south	  facing	  glazing	  heat	  gains	  and	  slab	  floor	  losses	  in	  the	  afternoon.	  	  In	  both	  tables	  52	  and	  53	  for	  July,	  there	  is	  a	  similar	  reduced	  rate	  of	  heat	  gains	  from	  solar	  radiation	  through	  the	  south	  facing	  glass.	  	  The	  slab	  with	  the	  least	  amount	  of	  insulation	  (Table	  52)	  gains	  and	  looses	  heat	  at	  a	  greater	  rate	  than	  the	  other	  two.	  	  The	  July	  temperatures	  for	  both	  variations	  are	  steady	  and	  approximately	  equal	  in	  value	  and	  thermally	  comfortable	  while	  in	  January	  there	  is	  a	  small	  increase	  after	  the	  time	  of	  the	  day	  when	  temperatures	  are	  slowly	  increasing,	  around	  10:00	  a.m.	  to	  2:00	  p.m.	  	  The	  EUI	  is	  low	  in	  both	  variations	  and	  close	  to	  the	  standard	  (Tables	  56	  -­‐	  57).	  As	  far	  as	  the	  HERS	  and	  energy	  use	  values	  for	  the	  foundation	  variations	  are	  concerned,	  the	  increased	  use	  of	  insulation	  has	  a	  relatively	  small	  impact	  on	  energy	  use.	  	  The	  actual	  value	  of	  the	  contribution	  to	  increased	  insulation	  use	  is	  for	  the	  frost	  protected	  shallow	  foundation.	  	  In	  order	  for	  the	  FPSF	  to	  be	  successful,	  the	  insulation	  needs	  to	  be	  at	  the	  highest	  level	  possible.	  	  The	  savings	  and	  importance	  in	  this	  design	  is	  in	  a	  decreased	  use	  of	  concrete	  and	  an	  increase	  in	  savings	  for	  materials	  and	  labor.	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Table	  50.	  Variation	  1	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January.	  
	  
	  
	  
Table	  51.	  Variation	  2	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January.	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Table	  52.	  Variation	  1	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	  
	  
	  
	  
Table	  52.	  Variation	  2	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	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Table	  54.	  Variation	  1	  January	  and	  July	  temperatures	  	  
	  
Table	  55.	  Variation	  2	  January	  and	  July	  temperatures.	  
0"
5"
10"
15"
20"
25"
30"
35"
40"
45"
50"
55"
60"
65"
70"
75"
80"
85"
90"
95"
100"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"
Te
m
pe
ra
tu
re
)(°
F)
)
Hours)of)the)Day)
January)and)July)Indoor)and)Outdoor)Temperatures)01)
July)
January)
Indoor)
Outdoor)
0"
5"
10"
15"
20"
25"
30"
35"
40"
45"
50"
55"
60"
65"
70"
75"
80"
85"
90"
95"
100"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"
Te
m
pe
ra
tu
re
)(°
F)
)
Hours)of)the)Day)
January)and)July)Indoor)and)Outdoor)Temperatures)02)
July)
January)
Indoor)
Outdoor)
	   230	  
	  
Table	  56.	  Variation	  1	  EUI	  at	  3.15kBtu/sq.ft.	  	  
	  
Table	  57.	  Variation	  2	  EUI	  at	  2.97kBtu/sq.ft.	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7.2.2	  Windows	  -­‐	  No	  Movable	  Insulation	  Results	  
	  	  (3)	  -­‐	  HEED	  More	  energy	  efficient	  design	  in	  tables	  58,	  61,	  64,	  and	  67.	  Window	  Rating	   	   	  U=0.40	  /	  SHGC=0.40	  HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  27	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  4661	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  2028	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  2071	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  5296	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  35.3	  	  (4)	  –	  2-­‐Pane	  Argon	  filled,	  low	  E	  in	  tables	  59,	  62,	  64	  and	  68.	  Window	  Rating	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U=0.32	  /	  SHGC=0.28	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  27	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  5495	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  2385	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  880	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  5317	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  35.43	  (5)	  –	  HPB	  Windows	  in	  tables	  60,	  63,	  66,	  and	  69.	  Window	  Rating	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U=0.15	  /	  SHGC=0.55	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  5	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  3098	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  	  620	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  5042	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  975	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  	  6.49	  
	   Fenestration	  without	  movable	  insulation	  as	  a	  category	  was	  used	  to	  show	  the	  value	  and	  importance,	  if	  any,	  of	  U-­‐Factors,	  the	  Solar	  Heat	  Gain	  Coefficient	  and	  moveable	  insulation	  in	  the	  HPB	  model.	  	  Variation	  3	  was	  used	  to	  illustrate	  a	  window	  in	  an	  older	  home	  that	  has	  yet	  to	  be	  upgraded,	  variation	  4	  was	  used	  to	  illustrate	  a	  window	  in	  a	  home	  that	  meets	  current	  Minnesota	  code	  requirements	  (which	  is	  U-­‐0.35)	  and	  where	  SHGC	  is	  usually	  lower	  than	  needed	  for	  passive	  solar	  strategies	  and	  variation	  5	  is	  the	  HPB	  window.	  	  	  Variations	  3	  (Table	  58)	  and	  4	  (Table	  59)	  show	  the	  impact	  of	  solar	  heat	  gains	  and	  loses	  on	  thermal	  loads	  with	  a	  very	  inefficient	  window	  or	  even	  an	  Energy	  Star	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rated	  configuration.	  	  While	  there	  are	  some	  heat	  gains	  in	  variation	  3	  from	  the	  south	  facing	  windows	  starting	  at	  10:00	  a.m.,	  they	  are	  far	  less	  than	  the	  standard.	  	  Since	  variation	  4	  has	  a	  low	  SHGC	  there	  are	  far	  fewer	  solar	  heat	  gains	  and	  they	  are	  only	  affecting	  thermal	  loads	  from	  11:00	  a.m.	  to	  2:00	  p.m.	  	  The	  standard’s	  heat	  gains	  begin	  as	  soon	  as	  the	  movable	  insulation	  is	  removed	  from	  the	  window	  areas.	  	  Since	  the	  insulation	  is	  on	  the	  outside,	  the	  window	  does	  not	  have	  to	  use	  any	  solar	  radiation	  to	  heat	  it	  up	  and	  thus	  waste	  time	  that	  could	  be	  used	  heating	  the	  interior	  space.	  	  	  The	  heat	  losses	  in	  variation	  3	  (approx.	  80,000	  Btu’s)	  are	  about	  twice	  as	  much	  as	  the	  heat	  gains	  (approx.	  40,000	  Btu’s)	  because	  of	  the	  poor	  U-­‐Factor	  of	  the	  windows.	  Evidence	  is	  in	  the	  2,028	  hours	  that	  heating	  is	  needed.	  	  In	  variation	  4	  heat	  losses	  are	  (64,000	  Btu’s)	  about	  30%	  more	  than	  the	  heat	  gains	  (approx.	  42,000	  Btu’s).	  	  The	  losses	  are	  reduced	  from	  variation	  3	  because	  of	  the	  lower	  U-­‐Factor	  and	  the	  gains	  hold	  consistent	  even	  though	  there	  is	  a	  lower	  SHGC	  because	  the	  structure	  did	  not	  have	  to	  recover	  from	  the	  heat	  loss	  seen	  in	  variation	  3.	  	  In	  either	  variation,	  the	  windows	  are	  inefficient	  and	  are	  not	  shaded	  properly	  and	  influence	  interior	  temperatures	  in	  July	  (Tables	  64	  and	  65)	  to	  run	  extremely	  high,	  90	  and	  85	  respectively,	  due	  to	  high	  solar	  access	  (high	  SHGC	  and	  little	  shading)	  in	  variation	  3	  (Table	  61)	  and	  variation	  4	  (little	  shading)	  (Table	  62)	  and	  causes	  a	  high	  a	  very	  high	  EUI	  of	  over	  35	  in	  both	  variations	  3	  and	  4(Tables	  67	  and	  68).	  Variation	  5	  (Table	  63)	  shows	  temperatures	  for	  July	  off	  of	  the	  chart	  due	  to	  a	  high	  SHGC	  and	  highly	  insulating	  windows	  that	  keep	  in	  the	  heat	  gains.	  Even	  though	  this	  happens,	  January	  gains	  over	  losses	  (Table	  60)	  keep	  the	  EUI	  relatively	  low	  at	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6.49,	  (Table	  69)	  compared	  to	  variation	  3	  and	  4	  and	  slightly	  higher	  than	  the	  standard	  of	  2.97.	  	   The	  overall	  value	  of	  this	  information	  is	  in	  the	  comparisons	  of	  different	  window	  U-­‐Factor	  and	  SHGC	  numbers	  when	  there	  is	  no	  movable	  insulation	  and/or	  poor	  or	  improperly	  designed	  shading	  from	  the	  summer	  sun	  at	  the	  appropriate	  times.	  The	  dramatic	  visual	  representation	  of	  heat	  loss	  in	  the	  winter	  due	  to	  poor	  window	  selection	  is	  a	  guide	  to	  properly	  understand	  the	  impact	  of	  fenestration	  in	  the	  design	  of	  building	  systems.	  	  
	  
Table	  58.	  Variation	  3	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January.	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Table	  59.	  Variation	  4	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January.	  
	  
	  
	  
Table	  60.	  Variation	  5	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January.	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Table	  61.	  Variation	  3	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	  
	  
	  
Table	  62.	  Variation	  4	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	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Table	  63.	  Variation	  5	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	  
	  
	  
	  
Table	  64.	  Variation	  3	  January	  and	  July	  temperatures.	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Table	  65.	  Variation	  4	  January	  and	  July	  temperatures	  	  	  
	  
Table	  66.	  Variation	  5	  January	  and	  July	  temperatures.	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Table	  67.	  Variation	  3	  EUI	  at	  35.3kBtu/sq.ft.	  	  
	  
Table	  68.	  Variation	  4	  EUI	  at	  35.43kBtu/sq.ft	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Table	  69.	  Variation	  5	  EUI	  at	  6.49kBtu/sq.ft	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7.2.3.	  Windows	  with	  Movable	  Insulation	  Results	  (6)	  –	  Variation	  3	  +	  R-­‐5	  Movable	  Insulation	  in	  tables	  70,	  73,	  76,	  and	  79.	  Window	  Rating	   	   	  U=0.40	  /	  SHGC=0.40	  HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  13	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  7267	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1493	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  2506	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  16.7	  	  (7)	  –	  Variation	  4	  +	  R-­‐5	  Movable	  Insulation	  in	  tables	  71,	  74,	  77,	  and	  80.	  Window	  Rating	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U=0.32	  /	  SHGC=0.28	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  16	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  6812	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1948	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  3082	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  20.54	  (8)	  –	  Variation	  5	  +	  R-­‐5	  Movable	  Insulation	  in	  tables	  72,	  75,	  78,	  and	  81.	  Window	  Rating	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U=0.15	  /	  SHGC=0.55	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  3	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  8326	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  	  434	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  609	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  	  4.06	  	   Modifying	  the	  movable	  insulation	  from	  the	  standard’s	  of	  R-­‐19	  to	  R-­‐5	  was	  tested	  to	  compare	  how	  high	  of	  an	  R-­‐Value	  would	  be	  sufficient.	  This	  category	  was	  also	  used	  to	  compare	  the	  outcomes	  with	  fenestration	  only	  values.	  It	  is	  very	  evident	  that	  exterior	  movable	  insulation,	  even	  at	  an	  R-­‐5	  value	  has	  an	  impact	  on	  building	  thermal	  loads	  and	  energy	  use	  and	  conservation.	  	  	  	   Comparing	  table	  58	  (variation	  3)	  with	  table	  70	  (variation	  6)	  and	  table	  59	  (variation	  4)	  with	  table	  71	  (variation	  7)	  the	  largest	  impact	  is	  the	  prevention	  of	  heat	  loss.	  In	  variation	  6	  (Table	  70)	  it	  appears	  that	  heat	  loss	  can	  be	  reduced	  by	  60%	  and	  for	  variation	  7	  (Table	  71),	  heat	  loss	  is	  reduced	  by	  approximately	  50%	  by	  adding	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movable	  insulation	  in	  January	  when	  most	  of	  the	  energy	  consumption	  happens	  in	  a	  cold	  climate.	  The	  indoor	  temperature	  does	  not	  reach	  thermal	  comfort	  standards	  for	  variation	  6	  and	  7	  (Tables	  76	  and	  77)	  still	  loosing	  to	  many	  Btu’s	  at	  night	  when	  the	  insulation	  is	  closed	  over	  the	  window	  units.	  In	  variation	  8	  for	  January	  (Table	  71),	  heat	  losses	  were	  reduced	  by	  half,	  but	  since	  the	  windows	  are	  made	  to	  perform	  the	  best	  in	  this	  condition,	  the	  impact	  was	  not	  as	  great	  as	  variations	  6	  and	  7.	  	   In	  all	  three	  variations,	  6,	  7,	  and	  8	  for	  July	  (Tables	  73,	  74	  and	  75),	  R-­‐5	  movable	  insulation	  values	  are	  relatively	  equal	  for	  heat	  gains	  but	  variation	  8	  seems	  to	  retain	  more	  of	  the	  heat	  gains	  as	  the	  losses	  are	  lower.	  	  This	  seems	  to	  be	  verified	  with	  the	  indoor	  and	  outdoor	  temperatures	  for	  July	  for	  the	  variations	  with	  6	  and	  7	  (Table	  76	  and	  77	  respectively)	  holding	  within	  the	  thermal	  comfort	  range	  while	  variation	  8’s	  (Table	  78)	  indoor	  temperature	  goes	  above	  80˚	  and	  out	  of	  thermal	  comfort	  range.	  The	  EUI	  is	  being	  reduced	  for	  all	  three	  variations	  (Table	  80-­‐81)	  as	  reducing	  heat	  loss	  and	  preventing	  heat	  gains	  is	  being	  accomplished.	  Looking	  at	  implications	  of	  this	  data,	  possible	  considerations	  might	  be	  for	  retrofitting	  existing	  structures	  where	  this	  information	  can	  be	  used	  for	  cost	  comparisons	  since	  it	  might	  be	  more	  efficient	  to	  add	  movable	  insulation	  rather	  than	  replace	  existing	  windows	  that	  might	  have	  a	  much	  higher	  cost	  unit	  cost.	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Table	  70.	  Variation	  6	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  	  
	  
Table	  71.	  Variation	  7	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	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Table	  72.	  Variation	  8	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  
	  	  
	  
Table	  73.	  Variation	  6	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	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Table	  74.	  Variation	  7	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  	  
	  
Table	  75.	  Variation	  8	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July.	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Table	  76.	  Variation	  6	  January	  and	  July	  temperatures	  	  	  
	  
Table	  77.	  Variation	  7	  January	  and	  July	  temperatures	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Table	  78.	  Variation	  8	  January	  and	  July	  temperatures.	  
	  
	  	  
	  
Table	  79.	  Variation	  6	  EUI	  at	  16.7kBtu/sq.ft.	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Table	  80.	  Variation	  7	  EUI	  at	  20.54kBtu/sq.ft.	  	  
	  
Table	  81.	  Variation	  8	  EUI	  at	  4.06kBtu/sq.ft.	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(9)	  –	  Variation	  3	  +	  R-­‐19	  Movable	  Insulation	  in	  tables	  82,	  84,	  86,	  and	  88.	  Window	  Rating	   	   	  U=0.40	  /	  SHGC=0.40	  HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  8	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  7587	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1173	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  1529	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  10.19	  	  (10)	  –	  Variation	  4	  +	  R-­‐19	  Movable	  Insulation	  in	  tables	  83,	  85,	  87	  and	  89.	  Window	  Rating	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  U=0.32	  /	  SHGC=0.28	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  12	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  6962	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1798	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  2399	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  15.99	  	   Adding	  R-­‐19	  movable	  insulation	  in	  place	  of	  the	  R-­‐5	  insulation	  for	  variations	  9	  (Table	  82)	  and	  10	  (Table	  83)	  reduced	  the	  amount	  of	  heat	  loss	  for	  January	  substantially	  from	  approximately	  2,000	  Btu’s	  for	  the	  R-­‐5	  values	  to	  just	  around	  500	  Btu’s	  for	  the	  R-­‐19.	  The	  heat	  gains	  basically	  remained	  the	  same	  for	  both	  insulation	  and	  variation	  values.	  July	  values	  (Tables	  84	  and	  85)	  remained	  the	  same	  between	  the	  different	  movable	  insulation	  strategies	  for	  both	  heat	  losses	  and	  heat	  gains,	  as	  did	  the	  indoor	  temperatures	  for	  January	  and	  July	  (Tables	  86	  and	  87).	  The	  EUI	  values	  (Tables	  88	  and	  89)	  did	  change	  as	  a	  result	  from	  the	  reduction	  of	  heat	  loss	  during	  January	  illustrating	  the	  affect	  of	  energy	  reduction	  due	  to	  effective	  energy	  conservation.	  	  	   Compared	  to	  the	  standard,	  appropriate	  and	  efficient	  window	  selection	  along	  with	  a	  high	  R-­‐Value	  movable	  insulation	  strategy	  appears	  to	  be	  not	  only	  effective	  but	  also	  needed	  for	  a	  highly	  energy	  conserving	  cold	  climate	  building	  system.	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Table	  82.	  Variation	  9	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  	  
	  
Table	  83.	  Variation	  10	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	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Table	  84.	  Variation	  9	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  	  
	  
Table	  85.	  Variation	  10	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	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Table	  86.	  Variation	  9	  January	  and	  July	  temperatures	  
	  	  
	  
Table	  87.	  Variation	  10	  January	  and	  July	  temperatures	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Table	  88.	  Variation	  9	  EUI	  at	  10.19kBtu/sq.ft.	  	  
	  
Table	  89.	  Variation	  10	  EUI	  at	  15.99kBtu/sq.ft.	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7.2.4	  Walls/Roof	  R-­‐Value	  Results	  (11)	  –	  HEED	  Most	  Energy	  Efficient	  in	  tables	  90,	  93,	  96	  and	  99	  Walls	  /	  Roof	  	   	   	   	   	  	  	  	  	  	  R-­‐21/	  R38	  	  HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  6	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  8076	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  684	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  1096	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  7.31	  	  (12)	  –1.5	  Times	  Code	  in	  tables	  91,	  94,	  97	  and	  100.	  Walls	  /	  Roof	  	   	   	   	   	  	  	  	  	  	  	  	  R-­‐32/	  R38	  	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  3	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  	  8439	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  434	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  581	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  	  3.88	  (13)	  –	  2	  times	  code	  in	  tables	  92,	  95,	  98,	  and	  101.	  Walls	  /	  Roof	  	   	   	   	   	  	  	  	  	  	  	  	  R-­‐40/	  R60	  	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  2	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  	  8407	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  	  353	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  420	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  	  	  	  2.8	  An	  evaluation	  of	  the	  importance	  of	  the	  wall	  and	  roof	  R-­‐Values	  resulted	  in	  another	  instance,	  like	  the	  foundation	  variations,	  of	  a	  less	  dramatic	  impact.	  That	  said,	  there	  is	  a	  noticeable	  increase	  in	  building	  thermal	  heat	  loss	  in	  January	  for	  variation	  11	  (Table	  90)	  and	  heat	  gains	  in	  July	  (Table	  93).	  These	  gains	  and	  losses	  are	  significant	  enough	  for	  new	  building	  systems	  being	  designed	  to	  exceed	  code	  to	  1.5	  times	  code	  (Variation12).	  Tables	  91	  and	  92	  along	  with	  Table	  45	  (the	  standard)	  show	  less	  significant	  losses	  for	  January	  and	  negligible	  gains	  for	  July	  for	  variations	  12,	  13	  and	  the	  standard	  (Tables	  94,	  95	  and	  46).	  	  Even	  though	  there	  is	  a	  small	  difference,	  R-­‐
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40	  is	  what	  a	  straw	  bale	  with	  2”	  of	  concrete	  on	  interior	  and	  exterior	  sides	  will	  yield.	  Because	  of	  this	  reason	  R-­‐45	  was	  tested	  to	  see	  the	  significance	  in	  the	  system.	  The	  January	  and	  July	  indoor	  air	  temperature	  variations	  (Tables	  96	  –	  98)	  show	  that	  there	  is	  a	  difference	  in	  how	  the	  overall	  building	  performs	  between	  variations.	  	  I	  cannot	  explain	  this	  discrepancy;	  the	  lower	  R-­‐	  Value	  and	  the	  higher	  R-­‐	  Value	  perform	  similarly	  while	  the	  R-­‐32	  wall	  seems	  to	  maintain	  a	  more	  appropriate	  temperature.	  	  The	  EUI	  data	  shows	  that	  variations	  11,	  12	  and	  13	  (Tables	  99,	  100,	  and	  101)	  all	  have	  higher	  values	  than	  the	  standard	  and	  thus	  show	  the	  value	  of	  additional	  R-­‐Value	  for	  walls	  and	  roof.	  When	  using	  only	  the	  code	  level	  of	  insulation	  (R-­‐21),	  the	  EUI	  is	  approximately	  double	  the	  1.5	  times	  (R-­‐32)	  insulation	  level	  having	  the	  most	  significant	  impact	  between	  levels	  of	  insulation	  use.	  
	  
Table	  90.	  Variation	  11	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	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Table	  91.	  Variation	  12	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  
	  	  
	  
Table	  92.	  Variation	  13	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	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Table	  93.	  Variation	  11	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  	  
	  
Table	  94.	  Variation	  12	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	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Table	  93.	  Variation	  13	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  	  
	  
Table	  95.	  Variation	  11	  January	  and	  July	  temperatures	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Table	  97.	  Variation	  12	  January	  and	  July	  temperatures	  
	  	  
	  
Table	  98.	  Variation	  13	  January	  and	  July	  temperatures	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Table	  99.	  Variation	  11	  EUI	  at	  7.31kBtu/sq.ft	  
	  
	  
	  
	   	   	   Energy	  Use	  Intensity	  (EUI)	  12	  
	  
Table	  100.	  Variation	  12	  EUI	  at	  3.88kBtu/sq.ft.	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Table	  101.	  Variation	  13	  EUI	  at	  2.8kBtu/sq.ft.	  0"2"
4"
6"
8"
10"
12"
14"
16"
18"
20"
22"
24"
26"
28"
30"
32"
34"
36"
EU
I$$
(k
Bt
u$
/$
sq
.$.
.)$
Energy$Use$Intensity$(EUI)$13$
PV"
Solar"DHW"
Water"Heater"
Appliances"
Fans"&"Blowers"
Elec."Lights"
HeaDng"
Mech."Cooling"
	   261	  
7.2.5	  Thermal	  Mass	  Results	  (14)	  –	  Concrete	  Floor	  Slab	  only	  in	  tables	  102,	  107,	  112,	  and	  117.	  HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  13	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  7267	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1493	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  2506	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  16.7	  	  (15)	  –	  Slab	  +	  2”	  Concrete	  Walls	  in	  tables	  103,	  108,	  113,	  and	  118.	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  16	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  6812	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1948	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  3082	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  20.54	  (16)	  –	  Slab	  +	  12”	  of	  Water	  in	  tables	  104,	  109,	  114,	  and	  119.	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  3	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  8326	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  	  434	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  609	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  	  4.06	  (17)	  –	  Slab	  +	  18”	  of	  water	  in	  tables	  105,	  110,	  115,	  and	  120.	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  16	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  6812	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  1948	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  3082	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  20.54	  (18)	  	  -­‐	  Slab	  +	  24”	  of	  water	  in	  tables	  106,	  111,	  116,	  and	  121.	  	   HERS	  	   	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  3	  	   	   Hours	  no	  heating	  needed	   	   	   	  	  	  	  8326	  	   	   Hours	  heating	  needed	   	   	  	  	  	  	   	  	  	  	  	  	  	  434	  	   	   Hours	  of	  Discomfort	   	   	   	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  0	  	   	   KwH	  Used	   	   	   	   	  	  	  	  	   	  	  	  	  	  	  	  	  609	  EUI	  (Energy	  Use	  Intensity)	   	   	   	  	  	  	  	  	  	  4.06	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When	  using	  the	  slab	  only	  (Table	  102)	  for	  thermal	  storage	  the	  amount	  of	  heat	  gains	  from	  the	  south	  facing	  windows	  in	  January	  is	  reduced	  from	  approximately	  75,000	  for	  the	  standard	  to	  approximately	  64,000	  with	  the	  movable	  insulation	  opening	  and	  closing	  at	  appropriate	  times.	  	  Adding	  the	  concrete	  coated	  interior	  walls	  with	  the	  slab	  (Table	  103)	  to	  the	  simulation	  resulted	  in	  more	  total	  heat	  gains	  and	  more	  evenly	  received	  during	  the	  day.	  	  Once	  the	  simulation	  used	  the	  roof	  pond	  for	  thermal	  mass	  (Table	  104	  -­‐	  106),	  the	  different	  water	  depths	  showed	  improvement	  in	  January	  heat	  gains	  but	  in	  the	  charts,	  little	  difference	  can	  be	  recognized.	  In	  July	  when	  heat	  gains	  are	  not	  desired	  (Table	  107	  -­‐111)	  the	  charts	  show	  similar	  heat	  gains	  and	  losses	  being	  minimal	  and	  virtually	  the	  same	  as	  the	  standard.	  From	  this	  is	  appears	  the	  thermal	  mass	  is	  not	  being	  used	  to	  dissipate	  absorbed	  heat	  at	  night	  from	  the	  daytime	  gains.	  January	  and	  July	  temperatures,	  shown	  in	  table	  112	  for	  variation	  14,	  vary	  more	  and	  are	  less	  stable	  due	  to	  a	  lower	  total	  thermal	  mass	  than	  the	  standard.	  The	  indoor	  air	  temperatures	  fluctuate	  with	  the	  outdoor	  air	  temperatures	  more	  closely	  as	  far	  as	  increases	  and	  decreases	  due	  to	  outdoor	  temperature	  increases	  and	  decreases.	  	  Once	  the	  concrete	  walls	  are	  added	  (Table	  113)	  the	  temperatures	  start	  to	  stabilize	  somewhat	  but	  still	  fluctuate	  with	  the	  outdoor	  temperatures	  for	  January	  and	  July.	  Once	  water	  is	  used	  as	  the	  thermal	  mass	  along	  with	  the	  slab	  (Table	  114-­‐116)	  variations	  16	  –	  18	  show	  very	  stable	  temperatures	  can	  be	  achieved.	  	  Since	  stable	  temperatures	  are	  highly	  desirable	  for	  thermal	  comfort,	  using	  water	  for	  the	  thermal	  mass	  along	  with	  the	  concrete	  slab	  produces	  a	  highly	  desirable	  outcome.	  It	  also	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produces	  the	  lowest	  EUI	  (Tables	  119-­‐121)	  when	  compared	  to	  using	  variations	  14	  or	  15	  (Tables	  117	  and	  118	  respectively).	  	   	  
	  
Table	  102.	  Variation	  14	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  	  
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
January%14%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
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Table	  103.	  Variation	  15	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  
	  	  
	  
Table	  104.	  Variation	  16	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
January%15%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
January%16%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
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Table	  105.	  Variation	  17	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  
	  	  
	  
Table	  106.	  Variation	  18	  Building	  Thermal	  Loads	  (Btu’s)	  for	  January	  
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
January%17%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
January%18%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
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Table	  107.	  Variation	  14	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  	  
	  
Table	  108.	  Variation	  15	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  	  
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
22,000&
24,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
July%14%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
22,000&
24,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
July%15%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
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Table	  109.	  Variation	  16	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  
	  	  
	  
Table	  110.	  Variation	  17	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
22,000&
24,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
July%16%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
22,000&
24,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
July%17%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
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Table	  111.	  Variation	  18	  Building	  Thermal	  Loads	  (Btu’s)	  for	  July	  
	  	  
	  
Table	  112.	  Variation	  14	  January	  and	  July	  temperatures	  
	  
!12,000&
!10,000&
!8,000&
!6,000&
!4,000&
!2,000&
0&
2,000&
4,000&
6,000&
8,000&
10,000&
12,000&
14,000&
16,000&
18,000&
20,000&
22,000&
24,000&
1& 2& 3& 4& 5& 6& 7& 8& 9& 10& 11& 12& 13& 14& 15& 16& 17& 18& 19& 20& 21& 22& 23& 24&
He
at
%G
ai
ns
/L
os
se
s%(
Bt
u)
%
Hours%of%Day%
Building%Thermal%Loads%(Btu)%
July%18%
Ven1la1on&/&Inﬁltra1on&
Occupants&
Equipment&
Elec.&Lights&
Floor&Slab&
Roof&
East&Walls&
North&Walls&
West&Walls&
South&Walls&
East&Windows&
North&Windows&
West&Windows&
South&Windows&
0"
5"
10"
15"
20"
25"
30"
35"
40"
45"
50"
55"
60"
65"
70"
75"
80"
85"
90"
95"
100"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"
Te
m
pe
ra
tu
re
)(°
F)
)
Hours)of)the)Day)
January)and)July)Indoor)and)Outdoor)Temperatures)14)
July)
January)
Indoor)
Outdoor)
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Table	  113.	  Variation	  15	  January	  and	  July	  temperatures	  
	  	  
	  
Table	  114.	  Variation	  16	  January	  and	  July	  temperatures.	  	  
0"
5"
10"
15"
20"
25"
30"
35"
40"
45"
50"
55"
60"
65"
70"
75"
80"
85"
90"
95"
100"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"
Te
m
pe
ra
tu
re
)(°
F)
)
Hours)of)the)Day)
January)and)July)Indoor)and)Outdoor)Temperatures)15)
July)
January)
Indoor)
Outdoor)
0"
5"
10"
15"
20"
25"
30"
35"
40"
45"
50"
55"
60"
65"
70"
75"
80"
85"
90"
95"
100"
1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23" 24"
Te
m
pe
ra
tu
re
)(°
F)
)
Hours)of)the)Day)
January)and)July)Indoor)and)Outdoor)Temperatures)16)
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Table	  115.	  Variation	  17	  January	  and	  July	  temperatures.	  
	  
	  	  
	  
Table	  116.	  Variation	  18	  January	  and	  July	  temperatures	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Table	  117.	  Variation	  14	  EUI	  at	  9.94	  kBtu/sq.ft.	  	  	  	  	  
	  
Table	  118.	  Variation	  15	  EUI	  at	  6.73kBtu/sq.ft	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Table	  119.	  Variation	  16	  EUI	  at	  3.69kBtu/sq.ft	  	  	  
	  
Table	  120.	  Variation	  17	  EUI	  at	  3.06kBtu/sq.ft.	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Table	  121.	  Variation	  18	  EUI	  at	  2.53kBtu/sq.ft.	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7.3	  SUMMARY	  OF	  VARIATION	  RESULTS	  	   Using	  the	  HEED	  simulation	  for	  designing	  optimally	  performing	  buildings	  with	  efficient	  envelopes,	  foundations,	  fenestration	  particulars	  and	  thermal	  mass	  systems	  is	  an	  informative	  and	  efficient	  tool	  to	  verify	  and	  validate	  a	  system	  with	  the	  simulation	  giving	  good	  comparative	  information	  on	  which	  approaches	  yield	  the	  best	  results	  for	  any	  given	  set	  of	  parameters.	  	  	  	   Even	  though	  the	  various	  foundation	  specifications	  did	  not	  yield	  significant	  differences	  from	  one	  to	  the	  other	  (Table	  47)	  using	  an	  exterior,	  highly	  insulated	  system	  for	  the	  foundation	  is	  not	  only	  important,	  but	  necessary	  for	  a	  Frost	  Protected	  Shallow	  foundation.	  	  This	  system	  was	  used	  to	  fulfill	  the	  requirements	  for	  the	  affordability	  and	  sustainability;	  it	  uses	  less	  labor,	  materials	  and	  time	  to	  install.	  	  This	  system,	  as	  tested	  for	  the	  standard,	  performs	  and	  functions	  as	  originally	  designed.	  	  No	  modifications	  need	  to	  be	  made	  or	  tested	  at	  this	  time.	  The	  fenestration	  and	  movable	  insulation	  as	  tested,	  separate	  and	  together,	  are	  an	  interesting	  system	  when	  working	  together.	  	  One	  of	  the	  interesting	  outcomes	  was	  the	  impact	  of	  movable	  insulation	  when	  using	  with	  inefficient	  fenestration	  parameters.	  	  Movable	  insulation	  should	  be	  considered	  a	  far	  more	  valuable	  alternative	  to	  retrofitting	  than	  replacing	  window	  units	  as	  its	  use	  results	  in	  significant	  energy	  savings	  results	  than	  window	  replacement.	  	  Also	  having	  correct	  window	  configurations	  in	  the	  building	  are	  very	  important	  as	  they	  can	  contribute	  to	  either	  to	  much	  heat	  gain	  at	  the	  wrong	  times	  or	  not	  enough	  when	  desired.	  In	  the	  standard	  the	  east	  and	  west	  windows	  use	  the	  same	  SHGC,	  which	  should	  be	  revised	  to	  a	  small	  number	  to	  reduce	  heat	  gains.	  	  Movable	  insulation	  used	  at	  the	  rights	  times	  of	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the	  day	  and	  night,	  alleviate	  most	  of	  the	  problem	  with	  incorrect	  fenestration	  configurations.	  In	  the	  HEED	  simulation	  it	  appears	  the	  movable	  insulation	  is	  closed	  one	  hour	  to	  early	  in	  the	  winter	  as	  the	  heat	  gains	  drop	  dramatically	  at	  4:00	  p.m.	  instead	  of	  a	  more	  gradual	  decline.	  The	  importance	  of	  wall	  and	  roof	  R-­‐Values	  continue	  to	  prove	  a	  relatively	  inexpensive	  approach	  to	  improving	  building	  performance	  in	  retrofitting	  and	  new	  construction.	  	  The	  debate	  continues	  as	  to	  the	  value	  of	  insulating	  beyond	  R-­‐40,	  as	  the	  return	  on	  investment	  seems	  to	  decrease	  relatively	  quickly	  as	  shown	  in	  Figure	  121	  even	  though	  there	  is	  value	  in	  doing	  so	  beyond	  cost	  considerations.	  	  With	  straw	  bale	  systems	  and	  variations,	  higher	  insulating	  values	  are	  inherent	  in	  the	  material	  with	  all	  of	  the	  other	  extremely	  important	  benefits	  stated	  in	  Chapter	  3.	  The	  temperature	  charts	  for	  the	  walls	  and	  roofs	  are	  of	  interesting	  value	  in	  that	  research	  as	  to	  why	  the	  temperature	  variances	  from	  R-­‐21	  to	  R-­‐45	  do	  not	  seem	  intuitively	  correct.	  	  Additional	  research	  increasing	  R-­‐values	  by	  5	  at	  a	  time	  would	  pin	  point	  the	  value	  where	  the	  building	  holds	  to	  much	  heat	  gains	  or	  too	  little,	  if	  indeed	  that	  is	  what	  is	  happening.	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Figure	  121.	  R-­‐Values	  compared	  effectiveness	  to	  reducing	  energy	  loss	  
(http://energyboomer.typepad.com).	  	  	   The	  roof	  pond	  system	  appears	  to	  perform	  adequately	  being	  the	  best	  high	  mass	  solution	  even	  without	  concrete	  walls.	  	  The	  water	  depth	  does	  not	  have	  a	  significant	  impact	  on	  EUI	  even	  though	  the	  24”	  of	  water	  works	  the	  best.	  	  Since	  adding	  more	  water	  has	  little	  cost	  implications	  the	  deeper	  pond	  is	  the	  best	  solution.	  	  Future	  research	  needs	  to	  be	  done	  with	  HEED	  in	  using	  the	  movable	  insulation	  as	  a	  shading	  device	  in	  the	  summer	  to	  protect	  solar	  radiation	  from	  reaching	  the	  fenestration	  units.	  Further	  information	  gathering	  is	  also	  needed	  to	  see	  if	  night	  sky	  cooling	  can	  be	  used	  to	  dissipate	  heat	  from	  the	  pond	  in	  the	  summer	  months.	  Since	  concrete	  walls	  are	  part	  of	  the	  straw	  bale	  assembly	  in	  a	  cold	  northern	  climate,	  the	  addition	  of	  them	  is	  a	  free	  resource	  in	  helping	  the	  thermal	  mass	  numbers	  for	  the	  standard.	  In	  places	  that	  use	  plaster	  instead	  of	  concrete,	  the	  numbers	  and	  impact	  on	  total	  thermal	  mass	  would	  be	  different	  and	  would	  need	  to	  be	  recalculate	  for	  the	  particular	  situation.	  	   	  
	   277	  
7.4	  FURTHER	  RESEARCH	  	  	   Since	  this	  thesis	  began,	  there	  has	  been	  work	  started	  on	  an	  adaptation	  to	  the	  FPSF.	  	  This	  system	  is	  called	  The	  Barrier	  FoundationT	  which	  uses	  discarded	  concrete	  barriers	  for	  the	  foundation	  footing	  and	  stem	  wall	  with	  added	  insulation	  where	  needed.	  This	  system	  needs	  to	  be	  tested	  and	  approved	  since	  there	  are	  many	  benefits	  to	  its	  use	  such	  as	  greatly	  reduced	  raw	  materials,	  reduction	  in	  time	  and	  labor	  costs	  along	  with	  limiting	  weather	  condition	  variables,	  impacting	  foundation	  installations.	  	   Insulating	  shot-­‐crete	  is	  also	  another	  variable	  that	  needs	  to	  be	  tested	  to	  see	  its	  impact	  on	  the	  breathability	  and	  additional	  insulating	  value	  to	  the	  system.	  	  It	  is	  not	  something	  that	  can	  be	  assumed	  as	  to	  its	  value,	  as	  it	  might	  disrupt	  the	  natural	  vapor	  and	  air	  cycles	  that	  straw	  bales	  walls	  naturally	  do	  that	  helps	  them	  work.	  	  A	  layer	  of	  sheep’s	  wool	  insulation	  next	  to	  the	  exterior	  and	  interior	  of	  the	  straw	  bales	  is	  something	  that	  might	  be	  of	  value.	  	  With	  the	  goal	  of	  Passive	  House	  construction	  models	  hitting	  the	  market,	  it	  might	  be	  one	  way	  to	  achieve	  the	  R-­‐60	  wall	  value	  needed.	  	  Sheep’s	  wool	  could	  add	  additional	  humidity	  control	  since	  it	  does	  not	  absorb	  moisture	  but	  instead	  helps	  to	  dissipate	  it.	  	  It	  is	  also	  naturally	  fire	  resistant.	  It	  would	  add	  cost	  to	  the	  envelope	  system,	  but	  for	  the	  additional	  R-­‐value	  the	  total	  wall	  unit	  cost	  including	  the	  straw	  bale	  would	  still	  be	  more	  economical	  than	  traditional	  R-­‐60	  wall	  construction.	  The	  continuation	  of	  this	  research	  also	  needs	  to	  include	  different	  climates	  and	  sites	  considerations	  as	  to	  the	  effectiveness	  of	  those	  variables.	  If	  this	  system	  is	  going	  to	  be	  able	  to	  adapt	  to	  the	  majority	  of	  the	  world	  the	  system	  needs	  to	  be	  simulated	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with	  this	  data.	  Cost	  data	  will	  also	  be	  needed	  to	  show	  the	  value	  of	  using	  this	  system	  over	  more	  traditional	  approaches	  and	  methods.	  	  	  
7.5	  SUMMARY	  
	   Climate	  change,	  affordability,	  sustainability,	  deforestation,	  waste	  management,	  and	  energy	  conservation	  are	  all	  factors	  that	  should	  influence	  the	  research	  and	  design	  of	  affordable	  and	  low	  income	  housing	  stock	  that	  needs	  to	  be	  made	  available	  to	  many	  different	  groups	  of	  people	  in	  many	  different	  countries	  including	  the	  United	  States.	  This	  thesis	  is	  the	  culmination	  of	  a	  design	  and	  research	  project	  that	  validates	  the	  design	  of	  such	  a	  system;	  a	  highly	  insulated	  natural	  building	  material	  envelope	  with	  a	  roof	  pond	  and	  frost	  protected	  shallow	  foundation.	  It	  is	  a	  design	  of	  a	  system	  that	  could	  be	  used	  in	  some	  format	  around	  the	  world,	  in	  different	  climates	  and	  site	  conditions	  with	  local	  and	  available	  resources	  such	  as	  Straw,	  water,	  and	  some	  plastering/concrete	  medium	  along	  with	  a	  typical	  local	  foundation	  type.	  It	  is	  energy	  neutral	  with	  the	  addition	  of	  photovoltaic	  and	  solar	  hot	  water	  systems	  in	  a	  much	  smaller	  array	  than	  current	  building	  code	  designed	  homes	  need.	  The	  system	  is	  fire	  resistant,	  earth	  quake	  resistant,	  tornado	  resistant,	  and	  terrorism-­‐threat	  resistant	  (safe	  and	  secure)	  while	  being	  durable.	  	   This	  transformation	  to	  using	  a	  system	  such	  as	  this	  will	  be	  challenging	  but	  represents	  a	  opportunity	  to	  help	  avoid	  dangerous	  climate	  change.	  There	  is	  a	  huge	  opportunity	  to	  help	  reduce	  CO2	  emissions	  by	  setting	  the	  entire	  global	  residential	  and	  light	  commercial	  building	  community	  on	  a	  path	  to	  zero	  emissions	  while	  almost	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completely	  using	  sustainable	  and	  waste	  materials.	  Both	  mitigation	  and	  adaptive	  strategies	  need	  to	  take	  hold	  in	  a	  more	  profound	  way	  with	  the	  current	  standards	  already	  having	  impacts	  on	  emission	  outputs.	  	  	   If	  this	  system	  is	  an	  important	  aid	  in	  carbon	  sequestration	  and	  an	  aid	  in	  the	  use	  of	  waste	  materials,	  it	  is	  only	  with	  continued	  research	  that	  this	  type	  of	  approach	  will	  become	  more	  valid	  and	  acceptable.	  	  The	  next	  step	  is	  to	  build	  and	  prove	  its	  validity	  and	  livability	  with	  quantifiable	  and	  repeatable	  results	  that	  is	  then	  oriented	  towards	  the	  masses.	  It	  is	  only	  through	  and	  with	  continued	  research	  and	  marketing	  that	  it	  can	  be	  propelled	  forward	  in	  a	  dramatic	  and	  impactful	  way;	  enough	  to	  make	  a	  difference	  in	  the	  world	  because	  everyone	  everywhere	  should	  have	  a	  safe	  and	  secure	  home	  in	  which	  to	  dream	  their	  dreams.	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Background
A frost protected shallow foundation (FPSF) is a practical alternative to a deeper, more-costly
foundation in cold regions with seasonal ground freezing and the potential for frost heave. The
International Residential Code® (IRC) includes prescriptive methods for constructing frost
protected shallow foundations in heated buildings. By the IRC reference to ASCE 32-01
(American Society of Civil Engineers, Design and Construction of Frost-Protected Shallow
Foundations, 2001), FPSFs in semi-heated and unheated buildings that meet the requirements of
the IRC may also be designed and constructed.
Figure 1 shows an example of a frost protected shallow foundation and a conventional foundation
designed for a climate with an Air-Freezing Index (AFI) of 2,000°F with a 100-Year Return
(winter) Period. An FPSF incorporates strategically placed insulation to raise soil temperature and
the frost depth around a building, thereby allowing foundation depths as shallow as 16 inches for
almost all areas of the continental U.S. The objective of this design guide is to assist U.S.
residential building industry stakeholders in the design, construction, and code approval of frost
protected shallow foundations.
Figure 1. Sections of Foundation Types
INTRODUCTION
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A frost protected shallow foundation allows builders to construct a structurally sound foundation
that is more resource efficient and less costly than a conventional foundation. The FPSF
technology recognizes the thermal interaction of building foundations with the ground. Heat input
to the ground from a conditioned building effectively raises the frost depth at the perimeter of the
foundation. This effect and other conditions that regulate frost penetration into the ground are
illustrated in Figure 2.
Figure 2. Frost Penetration into the Ground Under Various Conditions
The effect of heat from the building is magnified when insulation is strategically placed around
the foundation. Frost protection of an insulated foundation also works for an unheated building by
conserving ground geothermal heat beneath the building. Unheated areas of homes, such as
garages, may be constructed in this manner.
Figure 3 illustrates the heat exchange process in an FPSF, which results in a shallower frost
penetration depth around the building due to soil that has been warmed by both building and
geothermal heat. The insulation around the foundation perimeter conserves and redirects heat
loss through the slab toward the soil below the foundation. Geothermal heat from the underlying
ground also helps to warm the soil and raise the frost depth around the building.
Frost protected shallow foundations are most suitable for slab-on-grade homes on sites with
moderate to low sloping grades. Slab-on-grade FPSFs can be installed with one placement of
concrete, eliminating multiple inspections and speeding construction time. The method may also
be used effectively with walkout basements by insulating the foundation on the downhill side of
the house. Frost protected shallow foundations are also useful for remodeling projects because
their installation minimizes site disturbance. In addition to residential, commercial, and
agricultural buildings, the technology has been applied to highways, dams, underground utilities,
railroads, and earth embankments.
This document presents an FPSF design procedure for slab-on-grade, stem wall foundations,
and unventilated crawlspace foundations, and includes design examples, and specific
construction methods and details. Additionally, a simplified design method adopted by the IRC
is presented.
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Figure 3. Frost Protected Shallow Foundation Heat Flow Diagram for a Heated Building
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DESIGN PROCEDURE
Applications/Limitations
This procedure addresses the design of frost protected shallow foundations that incorporate
polystyrene foam insulation to prevent frost heave in cold climates. It was developed for slab-on-
grade, stem wall, and unvented crawlspace foundations of residential homes, but may also be
used on commercial and agricultural structures.
This design procedure does not apply to buildings on permafrost or to areas with mean annual
temperatures less than 32oF (0oC). Also, the significant cost savings for Frost Protected Shallow
Foundations afforded in the Northern United States will not be achieved in areas where the Air-
Freezing Index is very low — the Southern tier of states. In addition, use of below-ground foam
plastics over the foundation requires use of termite protection appropriate to the termite threat in
the region in which built. Below-ground foam is not currently recommended in areas of “very
heavy termite infestation probability” — South Carolina, Georgia, Florida, Alabama, Mississippi,
Louisiana, the eastern half of Texas, and most of California — unless special provisions are
followed.
This guide contains two approaches: a simplified design and a detailed design. The simplified
method streamlines the design and material selection process of FPSFs for heated buildings.
The simplified design procedure is adopted by the model building codes. In consolidating the
design steps for the simplified method, R-values for insulation were established so that
performance levels under various conditions and slab surface temperatures are conservatively
accommodated. Therefore, more economical construction may be obtained when detailed design
procedures are followed. The detailed design procedure should be used when buildings include
unheated areas such as attached garages, unless conventional footings are used for the garage.
Design methods specify thermal resistances and foundation depths that ensure protection
against frost heave damage in most types of soils. The  methods are conservative in that they
assume a 100 year return winter, with no insulating ground vegetative or snow cover. This  guide
addresses heated structures with attached, unheated garages, as defined by the expected
average indoor monthly temperature range (Table 1). Guidance for design of FPSFs in semi-
heated buildings (41oF-63oF) is available in ASCE 32-01.
Table 1. Building Classification Based on Indoor Air Temperature (T)
Minimum Average Monthly Classification Typical Type
Indoor Temperature, T of Structure
T > 64oF (18oC) Heated Homes
T < 41oF (5oC) Unheated Garages
Insulation Selection
The proper specification of insulation products is paramount to the success of an FPSF
application. Insulation products are classified by an R-value for above ground dry conditions. For
below ground application, products specified must perform in the moist environment for the
expected life of the structure, so an effective R-value is calculated.
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Table 2.  Design Values for FPSF Insulation Materials1
Max.
Type of Type of Minimum Nominal Effective Allowable Minimum
Polystyrene  Insulation density R-value R-value Bearing Thickness
Foam (pcf) (per inch) (per inch) Capacity 2 (inches)
(psf)
1 2 3 4 5v 5h 6 7v 7h
Vertical Horizontal Vertical Horizontal
Expanded II 1.35 4.0 3.23 2.6 3 - 2.0 3.0(EPS)
Expanded IX 1.8 4.2  3.4 3 2.8 3 1,200 1.5 2.0(EPS)
Extruded IV 1.6 5.0 4.5 4.0 1,200 1.0 1.5(XPS)
Extruded V 3.0 5.0 4.5 4.0 4,800 1.0 1.0(XPS)
Extruded VI 1.8 5.0 4.5 4.0 1,920 1.0 1.0(XPS)
Extruded VII 2.2 5.0 4.5 4.0 2,880 1.0 1.0(XPS)
Extruded X 1.35 5.0 4.5 4.0 - 1.5 2.0(XPS)
1 Per ASTM C578, except for effective R-values (shaded column).
2 Bearing capacity developed for non-cyclic loading conditions at 10% deformation.
3 SEI/ASCE 32-01 adopted values and restrictions are referenced. Reprinted with permission, American Society of Civil
Engineers, “Design and Construction of Frost-Protected Shallow Foundations,” 2001. http://www.PUBS.ASCE.org
In addition to proper insulation material selection, a definitive primary path for shedding water
over the grade and away from the foundation needs to be established to minimize sub-surface
water collecting at the foundation.1
Insulation for below ground, frost protection applications in the U.S. shall comply with ASTM
C 578, Standard Specification for Rigid, Cellular Polystyrene Thermal Insulation. The standard
does not provide for potential degradation of the material’s thermal resistance in moist, below
grade conditions, so accepted design values for FPSF insulation materials were conservatively
calculated to be approximately 10% less than the nominal R-value for extruded polystyrene
(XPS) and 20% less than nominal values for expanded polystyrene (EPS), in a vertical
application. Design values for polystyrene foam are represented in Table 2. The highlighted
columns, 5v and 5h, represent the effective values to be used when calculating the FPSF
insulation.
1 For additional information on envelope detailing and site grading at foundation perimeter see Durability by Design,
A Guide for Residential Builders and Designers, NAHB Research Center for PATH. (May 2002.)
http://www.huduser.org/publications/destech/durdesign.html
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Simplified FPSF Design Method – Heated Buildings
To use the simplified approach, the Air-Freezing Index (AFI) for the site location must be known.
The AFI is an indicator of the combined duration and magnitude of below-freezing temperature
occurring during any given freezing season. An AFI contour map is provided in Figure 4 to assist
in establishing this value. Detailed information can be found in the IRC® or the National Climate
Center (NCDC) website referenced by Figure 4.
Figure 4. Air-Freezing Index Map (Estimated 100 Year Return Period)
Source: http://lwf.ncdc.noaa.gov/oa/fpsf
Insulation R-value, dimensions, and depth of footings are then determined from Table 3, based
on the AFI. These minimum requirements for perimeter insulation of an FPSF are divided by the
effective values presented in Table 2 for specification of insulation type and thickness. Because
the FPSF relies, in part, on the building’s heat to effectively raise the frost depth of the adjacent
soil, slabs or floor assemblies of heated buildings designed by the Simplified Method shall be
designed with an R-value less than 10.
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Table 3. Minimum Insulation Requirements for FPSFs in Heated Buildings1
– Simplified Method
Air Freezing Vertical Horizontal Horizontal Insulation Minimum
Index Insulation Insulation Dimensions Footing
(°F100)2 R-Value3,4 R-Value3,5 per Figure 5. Depth
(in inches) (in inches)
Along At A B C D
Walls Corners
<1,500 4.5 NR NR NR NR NR 12
2,000 5.6 NR NR NR NR NR 14
2,500 6.7 1.7 4.9 12 24 40 16
3,000 7.8 6.5 8.6 12 24 40 16
3,500 9.0 8.0 11.2 24 30 60 16
4,000 10.1 10.5 13.1 24 36 60 16
4,500 12.0 12.0 15.0 36 48 80 16
1 Insulation requirements are for protection against frost damage in heated buildings. Greater values may be required to
meet energy conservation standards. See Appendix IV.
2 See Figure 4 for Air Freezing Index values.
3 Insulation materials shall provide the stated minimum R-values under long-term exposure to below ground conditions in
freezing climates. NR indicates that insulation is not required.
4 Vertical insulation shall be expanded polystyrene insulation or extruded polystyrene insulation.
5 Horizontal insulation shall be extruded polystyrene insulation.
6 Interpolation between values is permissible.
7 Portions of Table 3 reprinted with permission from SEI/ASCE 32-01, American Society of Civil Engineers, “Design and
Construction of Frost-Protected Shallow Foundations,” 2001. http://www.PUBS.ASCE.org
Figure 5 contains a section and plan view of the possible insulation locations for FPSFs
dependant on climate zone of project. The alphabetical characters in Figure 5 correspond to the
identically designated columns in Table 3.
8 A Builder’s Guide to Frost Protected Shallow Foundations
Figure 5. FPSF Simplified Design Parameters – Heated Buildings
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To illustrate the simplified design method, a northern Michigan location lying within a 2,000 AFI
contour (from Figure 4) is the selected site location. Table 3 indicates that the vertical insulation
R-value for a FPSF in this area where the AFI < 2,000 is R - 5.6. Table 3 also indicates that
horizontal insulation is not required and the footing depth should be 14 inches.
The minimum insulation value (R-5.6) is divided by the effective R-value of the selected type of
insulation in Table 2, column 5v, to determine the required minimum thickness of insulation. If
XPS is used, a 1 ½” thickness will yield an effective R-value of 6.75. If available, 1 ¼” thick XPS
would be adequate. If EPS is used, a 2" thickness will yield an effective R-value of 6.4 or 6.8. If
available, 1 ¾” thickness of either Types II or IX EPS would be adequate.
Consult product manufacturers for foam cost and availability. Typical sheet sizes are 2’ x 8’ and 4’
x 8’ in thickness increments of ½", from 1" to 3" total thickness.
While not a detail of the design used in this example, horizontal insulation (if required) should be
bedded firmly on smooth ground or granular base and buried a minimum of 12" below ground
surface or protected with suitable coating. Horizontal insulation that extends more than 24" must
be protected by a hard surface with backfill carefully placed to assure positive drainage of water
away from foundation. Vertical insulation requires a protective coating where exposed above
grade and for 6" below finish grade. Appendix I contains information on protective materials.
When footing depths greater than 12" are required, the increase in depth may be satisfied by
substituting compacted gravel, crushed rock, sand, or other approved non-frost susceptible
materials.
Table 10 in Appendix IV compares the minimum perimeter (vertical) R-values required for FPSF
design with the minimum values required by current energy conservation codes for conventional
foundations. In most areas where the AFI is 1,500 or higher, the energy code requires a minimum
R-value for slab insulation that is higher than the minimum R-value for an FPSF design. This
means two things — a design that meets FPSF requirements may need even more insulation to
meet energy code and conventional foundations that are insulated to meet the energy code could
have been built as an FPSF design (with the attendant concrete and excavation savings).
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Detailed FPSF Design Method – Heated Buildings
There are many different combinations of vertical and horizontal insulation details, R-values, and
footing depths that can be used in an FPSF. The detailed design approach is a flexible approach
that allows the designer to utilize experience and select the preferred method of construction for
a given site. For example, the designer may opt to provide vertical wall insulation only, horizontal
insulation only at the corners, or provide horizontal insulation around the entire building. The
designer also has the flexibility to increase foundation depths, add horizontal insulation to reduce
required foundation depths, or select the width of horizontal insulation to meet minimum
requirements.
Figure 6 illustrates the parameters for detailed FPSF design. The Steps that follow Figure 6
outline the detailed design method for heated buildings. Tables 4, 5, 6 and 7 follow these Steps
and provide the selections that are possible for the parameters defined in Figure 6.
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Figure 6. FPSF Detailed Design Parameters – Heated Buildings
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Design Steps – Detailed FPSF Design Method for
Heated Buildings
Step 1: Determine the Site’s Design Air Freezing Index, AFI
Select the 100 year return period design air freezing index, AFI, from Figure 4. The AFI
values are conservative because they are not adjusted for the insulating benefit of a normal
snow cover on the ground. A lower return period value may be used for less important
structures or those that are resilient to infrequent ground freezing. See NOAA website,
http://lwf.ncdc.noaa.gov/oa/fpsf, for values at return periods less than 100 years.
AFI = ______
Step 2: Calculate the R-value of the Floor System Cross Section, Rf
Calculate the thermal resistance of the floor system, Rf  from Figure 6, considering all
insulating materials in the cross-section including any floor coverings. When determining Rf,
nominal R-values shall be used for all materials, including insulation. (Use the aggregate of
manufacturer’s nominal values for each component of the floor system. Some common
materials and R-values are contained in Appendix III.) If the floor cross-section and resulting
thermal resistance of the floor system varies over its area, calculate Rf as the average over
the perimeter 39 inches (1m) of the floor. In superinsulated slabs, where the calculated Rf
value exceeds R-28, the designer must follow the design procedure for unheated buildings,
since the heat from the building is substantially blocked from moving into the ground and
protecting the foundation.
Rf = _____
Step 3: Determine the Required R-value of Vertical Wall Insulation, Rv
Determine the minimum required thermal resistance of the vertical wall insulation, Rv, from
Table 4, given the foundation height above grade, h from Figure 6, the AFI from Step 1, and
Rf from Step 2.
h = _____
Rv = _____
Step 4: Select Vertical Wall Insulation
Based on the required Rv value from Step 3, select an adequate thickness of vertical XPS or
EPS insulation using the effective R-values from Table 2, column 5v. Common nominal
thicknesses are 1", 1-1/2", and 3". The insulation shall extend from the bottom of the footing
to the exterior wall envelope as shown in Figure 6.
Rv = _____ = __PS Type___at ____" thickness.
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(Thickness = Rv divided by effective R-value)
Step 5: Select Foundation Depth or Horizontal Insulation, hf, Dhw and Rhw
Horizontal insulation is placed below ground extending outward from the vertical wall
insulation as shown in Figure 6. For climates where the AFI is less than 2,250oF-days,
horizontal insulation along the walls is not required and the designer may proceed to Step 7.
In more severe climates, where horizontal insulation is not desired, select the minimum
foundation depth, hf, from Table 5, column 1.
When the designer desires to limit the foundation depth to 16 inches in severe climates
(AFI > 2,250oF-days), select the minimum width the horizontal insulation shall extend from
the foundation wall, Dhw from Table 6, and the required minimum thermal resistance of
insulation, Rhw  from Table 6.
hf = ____
Dhw = ____
Rhw = ____
Step 6: Select Thickness of Horizontal Insulation for Walls
Based on the required Rhw value determined in Step 5, select an adequate thickness of
horizontal insulation using the effective resistivity values in Table 2, column 5h. Horizontal
insulation must have at least 12" of ground cover and securely abut the vertical wall
insulation.
Rhw = _____ divided by ____ (effective R-value) = ____" thickness ____ PS, Type _____
Step 7: Select Foundation Depth or Horizontal Insulation at Corners, hfc, Dhc, Dhw, Rhc, Lc,
Rhw
Since more heat loss occurs at building corners than through mid-wall sections of heated
buildings, additional frost protection in the form of horizontal insulation or a deeper foundation
is required for more severe climates (AFI > 2,250oF-days) at the building corners. Where
horizontal insulation is not desired in any climate, select the minimum foundation depth at
corners, hfc from column 3, Table 5.
hfc = _____
For a uniform foundation depth, hf = hfc, use column 5, Table 5 to determine foundation depth
and install horizontal insulation at the building corners with an effective thermal resistance of
5.7 (Rhc). The length and width of the horizontal corner insulation, Lc and Dhc, shall be
consistent with columns 4 and 6 of Table 5.
hfc = _____
Rhc = _____
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Dhc = _____
Lc = _____
If it is desired to limit the foundation depth to 16 inches, select the minimum width of
horizontal insulation to extend from the foundation wall, Dhw from Table 6, and minimum
required thermal resistance of insulation, Rhw from the corresponding columns of
Table 6. Once the required Rhw has been determined, select an appropriate thickness of
horizontal insulation, using an effective R-value from Table 2, column 5h.
Dhw = _____
Rhw = _____ divided by ____ (effective R-value) = ____ inches, ____ PS, Type _____
Repeat these steps with the parameters pertaining to building corners in Table 8. The width
and length of the corner horizontal insulation, Dhc and Lc, respectively, yield the necessary
thermal resistance of the foam, Rhc.
Dhc = _____
Lc = _____
Rhc = _____ divided by ____ (effective R-value) = _____ inches ____ PS, Type _____
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Table 5. Foundation Depths1
Foundation Foundation Depth Foundation Depth at
Depth along at Corners Corners with
AFI Walls (No Horizontal R - 5.7 Horizontal
(°F100) (No Horizontal Insulation) Insulation at Corners, only
 Insulation)
1 2 3 4 5 6
hf Lc hfc Lc hfc Dhc
(inches)  (inches) (inches) (inches) (inches) (inches)
1,500 or less 12 — 12 — 12 —
2,250 14 — 14 — 14 —
2,625 16 40 24 40 16 20
3,000 20 40 32 40 20 20
3,375 24 60 40 60 24 20
3,750 30 60 51 60 30 24
4,125 36 60 63 60 36 32
4,500 43 80 71 80 43 32
1 Without horizontal insulation or with horizontal insulation at corners only.
   Design parameters are identified in Figure 6.
Table 4. Minimum Thermal Resistance of Vertical Wall Insulation (Rv)
AFI Slab or Floor Assembly R-Value (Rf)
(°F100) 0.0 < Rf < 6.0 6.0 < Rf < 15.0 15.0 < Rf < 28.0
h < 12 in h = 24 in h < 12 in h = 24 in h < 12 in h = 24 in
< 375 0.0 3.0 4.5 5.7 5.7 8.5
750 3.0 4.6 5.7 5.7 8.5 11.4
1,500 4.5 5.7 5.7 5.7 8.5 11.4
2,250 5.7 5.7 5.7 7.4 8.5 14.2
3,000 5.7 5.7 6.8 8.5 9.7 15.3
3,750 5.7 6.8 8.0 9.7 11.4 17.0
4,500 6.8 8.0 10.2 11.9 13.6 19.3
Design parameters are identified in Figure 6.
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Table 7. Minimum Thermal Resistance of Horizontal Insulation at Corners (Rhc)1
R-Values at Various Widths
AFI Lc of Horizontal Insulation Footing
(°F100) (inches) Width of Horizontal Insulation at Corners, Depth
Dhc (in inches)
16" 24" 30" 36" 42" 48"
<  2,250 0.0 0.0 16"
2,625 40 6.5 4.9 4.0 16"
3,000 40 9.6 8.6 8.0 7.4 16"
3,375 60 11.1 10.5 9.8 9.1 16"
3,750 60 13.1 12.5 12.0 11.2 10.8 16"
4,125 60 14.5 13.7 13.0 12.5 16"
4,500 80 15.9 15.1 14.8 16"
1 Design parameters are identified in Figure 6.
Table 6. Minimum Thermal Resistance of Horizontal Insulation along Walls (Rhw)1
R-Values at Various Widths, Rhw
AFI Footing
(°F100) Width of Horizontal Insulation, Dhw Depth
(in inches)
12" 18" 24" 30" 36" 42" 48"
<  2,250 0.0 16"
2,625 2.5 16"
3,000 6.5 6.1 5.3 4.5 16"
3,375 8.2 7.4 6.5 16"
3,750 9.1 8.5 7.7 16"
4,125 11.2 10.2 9.6 8.9 16"
4,500 12.3 11.4 10.7 10.0 16"
1 Design parameters are identified in Figure 6.
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Detailed FPSF Design Method – Unheated Buildings
In following the detailed design procedure for unheated buildings, the designer has the flexibility
to increase foundation depths to reduce horizontal ground insulation requirements. In addition to
the AFI at the selected return period, the Mean Annual Temperature (MAT) must be taken into
account.
Figure 7 illustrates the parameters for design of FPSFs in unheated buildings. The following
steps outline the detailed design approach for unheated buildings.
Figure 7. FPSF Detailed Design Parameters – Unheated Buildings
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Design Steps – Detailed FPSF Design Method for
Unheated Buildings
Step 1: Determine Air Freezing Index, AFI, and Mean Annual Temperature, MAT
Select the 100-year return period design air freezing index, °F100, from Figure 4. The AFI
values are conservative because they are not adjusted for the insulating benefit of a normal
snow cover on the ground. A lower return period value may be used for less important
structures or those that are resilient to infrequent ground freezing, such as detached
garages. Alternate AFI return periods are calculated by the National Oceanic and
Atmosphere Administration (NOAA) and can be referenced at http://www4.ncdc.noaa.gov/ol/
9712/AFI-pubreturn.pdf. MAT is also available on the NOAA website at
http://www.ncdc.noaa.gov/oa/climate/research/cag3/cag3.html
AFI = _____
MAT = _____
Step 2: Select Placement of Ground Insulation, Dg
A continuous ground insulation layer with a 6-inch gravel or other non-frost susceptible base
must be placed below the entire foundation of unheated buildings. The ground insulation
must extend outside the foundation a minimum width, Dg, determined from Table 8, as
detailed in Figure 7. In unheated building foundations, Dg is the same at both corner and wall
locations. Outside the foundation perimeter, the insulation must have a minimum of 10 inches
of soil cover. Dg may be reduced by 1 inch for every inch the insulation is buried beyond the
10-inch minimum cover.
Dg = _____
Step 3: Select the Minimum Effective R-value of Ground Insulation, Rg
Select the minimum R-value, Rg, required for the ground-insulating layer from Table 8, based
on the AFI and MAT from Step 1. Rg may be reduced by R-0.3 for every 1" the underlying
non-frost susceptible layer is increased beyond the 6" minimum thickness. Rg may also be
reduced by R-0.25 for every 1-inch increase in soil cover over the ground insulation, above
the 10" minimum.
Rg = _____
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Step 4: Select Thickness and Performance of Ground Insulation
Based on the required Rg value determined in Step 3, select an adequate thickness of ground
insulation using the effective R-value from Table 2, column 5h. In severe climates, insulation may
need to be layered to meet the required thickness.
The horizontal polystyrene foam used beneath unheated buildings must be calculated to support
the superimposed loads of the building. Columns 3 and 6 of Table 2 contain the density and
bearing capacity, respectively, of the several different types of insulation.
Rg = ____ divided by _____(effective R-value) = _____ PS, Type ____ of ____" thickness.
Density _______
Bearing Capacity ______
Table 8. Minimum Values for Design of FPSFs in Unheated Buildings
       Mean Annual 32 36 38 40 > 41
Temperature, MAT (oF)1
AFI Dg Minimum Thermal Resistance of Horizontal
(oF100) (inches)  Insulation, Rg
< 750 30 5.7 5.7 5.7 5.7  5.7
1,500 49 13.1 9.7 8.5 8.0  6.8
2,250 63 19.4 15.9 13.6 11.4 10.2
3,000 79 25.0 21.0 18.2 15.3 14.2
3,750 91 31.2 26.1 22.7 -    -
4,500 108 37.5 31.8 - -    -
1 See NOAA website for MAT. http://www.ncdc.noaa.gov/oa/climate/research/cag3/cag3.html
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CONSTRUCTION METHODS AND DETAILS
General
The construction of an FPSF is similar to that of a conventional foundation. Often the only
difference is a shallower footing/foundation excavation and the attendant labor and material cost
savings. Many of the steps, such as rough grading, foundation layout, preparation of subgrade,
wall forming, steel reinforcing, and casting of the concrete, are all similar to conventional
practices.
FPSFs can be constructed using one of many approaches, including a monolithic slab, an
independent slab and stem wall, or a permanent wood foundation. Although the details shown
here illustrate techniques for the construction of new homes, the FPSF technique can also be
applied to additions to homes with existing conventional foundations, and even walk out
basements.
The FPSF construction details shown here reflect satisfactory practices for several typical
situations. The drawings shown are generic in that they must be modified to meet the
requirements specific to the site, such as insulation dimensions. Of key importance is the proper
placement, sizing, and selection of the type of insulation.
Brick veneer. A brick ledge can provide a cold bridge if it isn’t detailed properly. Insulation of
equal thermal resistance value to the vertical insulation required in the design should be placed
horizontally along the brick ledge. Figure 8 details the insulation continuity that must be preserved
at the exterior of the FPSF. Note that only insulations with high bearing capacity should be
Figure 8.  Brick Veneer Application
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selected for installation along the ledge, so that deformation of the foam when the weight of the
brick is applied will not compromise the appearance of the facade.
As with all brick veneers, it is important that these are flashed and installed properly above
ground and weepholes, so that any water flowing down the drainage plane behind the veneer is
channeled to the outside.
Cold bridges, prevention. Cold bridges are created when building materials with high thermal
conductivity, such as concrete, are directly exposed to outside temperatures. Figure 9 details
where some of these conditions can occur. Foundation insulation should be placed so that
continuity is maintained with the insulation of the house envelope. Cold bridges may increase the
potential for frost heave, or at the least, create localized lower temperatures or condensation on
the slab surface. Care must be taken during construction to ensure proper installation of the
insulation.
Figure 9.  Typical Illustrations of Cold Bridges
Drainage. Good drainage is important with any foundation, and an FPSF is no exception.
Insulation performs better in dry conditions. Ensure that ground insulation is adequately protected
from excessive moisture through sound drainage practices, such as sloping the grade away from
the building and properly detailing the drainage plane of the above ground structure.
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Insulation should always be placed above the level of the ground water table. A layer of gravel,
sand, or similar material is recommended for improved drainage, as well as to provide a smooth
surface for placement of any horizontal insulation. A minimum 6-inch drain layer, with outfall to
daylight, approved storm drain, or dry well is required for unheated FPSF designs with horizontal
insulation.
Energy efficiency. The minimum insulation levels shown in Table 2, will protect the soil around
the foundation from frost. They also provide satisfactory slab surface temperatures to prevent
moisture condensation, and satisfy a minimum degree of thermal comfort. Table 10, in
Appendix IV, provides information on increasing thermal resistance values for insulation based on
heating degree days in various regions.
FPSF effectiveness is predicated on successfully limiting cold bridging — use of a stem wall and
slab (described later), in effect, can add a second thermal break between the slab and stem wall.
Increasing the vertical wall insulation thickness above the minimum requirements for frost
protection will also improve energy efficiency and thermal comfort.
Excavation. Generally, lightweight equipment is adequate for FPSF installations because minor
excavation is required. Trenching machines are typically selected to perform the excavation of
FPSFs that do not require horizontal insulation. As with any foundation, organic soil layers (top
soil) should be removed to allow the foundation to bear on firm soil or compacted fills.
Foundation height. Polystyrene insulation boards are typically available in 24-inch and 48-inch
widths by 8 foot length. For many FPSF designs, 24 inches is a practical width, as it insulates 16
inches of foundation below grade and 8 inches above grade.
Freeze protection during construction. The foundation should be completed and the building
enclosed and heated prior to the freezing weather, similar to conventional construction practice.
Heated slabs. This design procedure can be applied to all slab-on-grade techniques, including
those with in-slab heat. The design of FPSFs with insulated slabs with an R-value greater than
28, should follow the design procedures for unheated buildings. (See Table 5.)
Landscaping and horizontal insulation. In situations where wide horizontal insulation is
required, the landscape plan should be carefully designed to avoid digging above the horizontal
insulation.
Insulation protection. Because the vertical wall insulation around a foundation extends above
grade and is subject to ultraviolet radiation and physical abuse, that portion and 6" below grade,
must be protected with a coating or covering that is both tough and durable. Care should be
taken to prevent insulation damage during handling, storage, construction, and backfilling.
Appendix I provides information on protective coatings.
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Monolithic Slab
Construction of an FPSF monolithic slab is very similar to that of a conventional slab. (See Figure
10.) A common technique is to install the vertical insulation boards inside the formwork and
trench before placing the concrete. This allows the trench to act as the form for the lower part of
the FPSF, while assuring full depth coverage of the footing/foundation with foam. The above
ground step or return is of a dimension that can be formed with 2x lumber or slab forms.
If both vertical and horizontal insulation are used, the vertical wall insulation should be placed
first. Horizontal insulation, where used, should be placed directly on a 4" layer of drainable
material that is not frost susceptible. Measures should be taken to ensure a smooth, compacted,
and well-drained bed beneath the horizontal insulation.
Figure 10. Typical FPSF Monolithic Slab
Independent Slab and Stem Wall
As noted previously, FPSF can also be adapted to foundations constructed with an independent
stem wall and ground supported slab. (See Figures 11 and 12.) The stem wall and slab technique
has the same insulation and drainage requirements as a monolithic slab. If a separate footing is
used, as may be required by local soil conditions or choice of stem wall material, such as
concrete masonry units, the footing must be located below the horizontal insulation. In any case,
any horizontal insulation should be a minimum 12 inches below grade. The wall may be
constructed of poured concrete, concrete masonry units, wood, or other acceptable materials.
Some examples are shown below.
24 A Builder’s Guide to Frost Protected Shallow Foundations
Figure 11. Independent Block Stem Wall
Figure 12. Typical Permanent Wood FPSF
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Unventilated Crawlspace
The construction of an FPSF crawlspace is similar to that of a conventional crawlspace, except
that the crawlspace is constructed without vents to the outside. The crawlspace includes a
continuous poly moisture barrier at the interior ground level and detailed measures are taken to
ensure that the crawlspace is sealed against moisture intrusion and air infiltration. Figure 13
illustrates these details.
Because this design guide is focused on FPSFs in heated residential structures, the crawlspace
should also be conditioned. Mechanical ventilation can be supplied via forced air HVAC ductwork
located in the floor assembly above the crawlspace. Providing for air change in the crawlspace
using the HVAC system also heats the crawlspace.
Unventilated crawlspace designs shall follow the Detailed Design Method and limit the height
above grade to 24" (h < 24", Table 5). Additionally, the nominal R-value of the floor assembly (Rf)
should be limited to less than R-28. See Table 5.
Figure 13. Typical Unventilated Crawlspace
Unheated Areas in Otherwise Heated Buildings
Many heated buildings may have small areas that are unheated, such as entries and porches,
and therefore require special consideration, as detailed in Figure 14. The design for these cases
follows the Detailed FPSF Design Method for Unheated Buildings.
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Figure 15. Typical Detail at Garage (FPSF Adjacent to Conventional)
Figure 14. Typical Detail for Unheated Area
In the case of a home with an attached garage, the garage footings at the garage slab perimeter
can either be designed as an FPSF using the unheated building method, or they may designed
conventionally, and filled with compacted stone or gravel to facilitate forming both the FPSF and
the conventional footing at the same time. Figure 15 details a section where the garage slab
meets the main house FPSF.
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Sources for Polystyrene Foam Insulation Protective
Coatings
Some methods to consider for the protection and finishing of foam insulation are a stucco finish
system or similar brush-on coating, pre-coated insulation products, flashings, pressure treated
plywood, and cementitious board. The protective finish should be applied before backfilling,
because it must extend at least six inches below grade, or, in a horizontal application, cover any
foam extending more than 24” from the foundation. Asphalt or cement surfacing at grade is
another acceptable method of protecting horizontally installed foam. The builder should always
verify that protective material is compatible with the insulation because polystyrene degrades in
contact with hydrocarbon solvents such as gasoline, benzene, diesel fuel, and tar.
Multicoat® Products manufactures pool products that can be used to finish many surfaces,
including polystyrene foam sheets. Their Slatex system consists of a below ground spray-on
elastomeric product, Mulasticoat®, topped with a latex-modified cementitious dry mix, Scratch
Kote. The finish coat can be spray or roller applied. http://www.multicoat.com/skp.html
Protecto® Wrap’s, Protecto® Bond Insulation Wrap, is a peel and stick exterior above grade
foam insulation protective membrane. The manufacturer states that the polymer-coated
waterproofing membrane has the ability to withstand impacts, UV degradation, mold and mildew.
The integrated finish has the appearance of smooth, light grey, stucco. This surface can be used
as is and will accept paint. Protecto® Wrap has several asphaltic peel and stick products that may
be used for below ground protection, such as, PW100-60 XL Waterproofing Membrane.
http://www.protectowrap.com
Styro Industries, Inc. offers cementitious foam coatings. Products are available in several colors
for installation by various application methods—spray, trowel, or brush. http://www.styro.net
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Answers to some common questions are provided here to benefit those interested in this
technology.
Question No. 1: How does insulation stop frost heave from occurring?
Frost heave can only occur when all of the following three conditions are present: 1) the soil
is frost susceptible (large silt fraction), 2) sufficient moisture is available (soil is above
approximately 80 percent saturation), and 3) sub-freezing temperatures are penetrating the
soil.  Removing one of these factors will negate the possibility of frost damage. Insulation as
required in this design guide will prevent underlying soil from freezing (an inch of polystyrene
insulation, R4.5, has an equivalent R-Value of about 4 feet of soil on average). The use of
insulation is particularly effective on a building foundation for several reasons. First, heat loss
is minimized while storing and directing heat into the foundation soil — not out through the
vertical face of the foundation wall. Second, horizontal insulation projecting outward will shed
moisture away from the foundation further minimizing the risk of frost damage. Finally,
because of the insulation, the frost line will not penetrate as deeply into the soil around the
foundation.
Question No. 2: Does the soil type or ground cover (e.g., snow) affect the amount of
insulation required?
By design, the proposed insulation requirements are based on the worst-case ground
condition of no snow or organic cover on the soil. Likewise, the recommended insulation will
effectively prevent freezing of all frost-susceptible soils. Because of the heat absorbed (latent
heat) during the freezing of water (phase change), increased amounts of soil water will tend
to moderate the frost penetration or temperature change of the soil-water mass. Since soil
water increases the heat capacity of the soil, it further increases the resistance to freezing by
increasing the soil’s “thermal mass” and adding a significant latent heat effect. Therefore, the
proposed insulation requirements are based on a worst-case, silty soil condition with
sufficient moisture to allow frost heave but not so much as to cause the soil itself to
drastically resist the penetration of the frost line. Actually, a coarse grained soil (non-frost
susceptible) which is low in moisture will freeze faster and deeper, but with no potential for
frost damage. Thus, the proposed insulation recommendations effectively mitigate frost
heave for all soil types under varying moisture and surface conditions.
Question No. 3: How long will the insulation protect the foundation?
This question is very important when protecting homes or other structures which have a long
life expectancy. The ability of insulation to perform in below-ground conditions is dependent
on the product type, grade, and moisture resistance. In Europe, polystyrene insulation has
been used to protect foundations for nearly 40 years with no experience of frost heave. Thus,
APPENDIX II
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with proper adjustment of R-values for below-ground service conditions, both extruded
polystyrene (XPS) and expanded polystyrene (EPS) can be used with assurance of
performance. In the United States, XPS has been studied for Alaskan highway and pipeline
projects, and it has been found that after 20 years of service and at least 5 yrs of
submergence in water that the XPS maintained its R-value (refer to McFadden and Bennett,
Construction in Cold Regions: A Guide for Planners, Engineers, Contractors, and Managers,
J. Wiley & Sons, Inc., 1991. pp328-329).
Question No. 4: What happens if the heating system fails for a time during the winter?
For all types of construction, heat loss through the floor of a building contributes to
geothermal heat storage under the building that is released to the foundation perimeter.
Using insulated footings will effectively regulate the stored heat loss and retard penetration of
the frost line during a period of heating system failure or set-back. Conventional foundations,
with typically less insulation, do not offer this level of protection and the frost may penetrate
more quickly through the foundation wall and into interior areas below the floor slab. With ad-
freezing (the frozen bond between the water in the soil and the foundation wall), frost does
not need to penetrate below footings to be dangerous to light construction. In this sense, frost
protected footings are more effective in preventing frost damage.
The proposed insulation requirements are based on highly accurate climate information
verified by up to 86 years of winter freezing records for over 3,000 weather stations across
the United States. The insulation is sized to prevent foundation soil freezing for a 100-year
return period winter freezing event with a particularly rigorous condition of no snow or ground
cover. Even then, it is highly unlikely that during such an event there will be no snow cover,
sufficiently high ground moisture, and an extended loss of building heat.
Question No. 5: Why are greater amounts of insulation needed at the corners of the
foundation?
Heat loss occurs outward from the foundation walls and is, therefore, intensified at the
proximity of an outside corner because of the combined heat loss from two adjacent wall
surfaces. Consequently, to protect foundation corners from frost damage, greater amounts of
insulation are required in the corner regions. Thus, an insulated foundation design will
provide additional protection at corners where the risk of frost damage is higher.
Question No. 6: What experience has the U.S. seen with this technology?
Frost protected insulated footings were used as early as the 1930s by Frank Lloyd Wright in
the Chicago area. But since that time, the Europeans have taken the lead in applying this
concept over the last 50 years. There are now over 1 million homes in Norway, Sweden, and
Finland with insulated shallow footings that are recognized in the building codes as a
standard practice. In the United States, insulation has been used to prevent frost heave in
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many special engineering projects (i.e., highways, dams, pipelines, and engineered
buildings). Its use on home foundations has been accepted by model codes, and there are
several thousand homes with frost protected insulated footings that have been constructed in
the United States (including Alaska).
To verify the technology in the United States, five test homes were constructed in Vermont,
Iowa, North Dakota, and Alaska. The homes were instrumented with automated data
acquisition systems to monitor ground, foundation, slab, indoor, and outdoor temperatures at
various locations around the foundations. The performance observed was in agreement with
the European experience in that the insulated footings prevented the foundation soil from
freezing and heaving even under rigorous climatic and soil conditions (refer to U.S.
Department of Housing and Urban Development, “Frost Protected Shallow Foundations for
Residential Construction”, Washington, DC, 1993).
Question No. 7: How energy efficient and comfortable are slab foundations with frost
protected footings?
The insulation requirements for frost protected footings are minimum requirements to prevent
frost damage. The requirements will provide a satisfactory level of energy efficiency, comfort,
and protection against moisture condensation. Since these requirements are minimums,
additional insulation may be required to meet more stringent energy codes. See Appendix IV
for more on this subject.
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Table 9. Nominal Thermal Resistance of Common Materials
Description Density Nominal R-value
(lb/ft3) (per inch)
BUILDING MATERIALS
Plywood/OSB/Subfloor 34 1.25
Particleboard, Low-Density 37 1.41
Particleboard, High-Density 62.5 0.85
Particleboard, Underlayment 40 1.31
Softwoods 35 0.9
Hardwoods 40 0.8
Brick 100 0.25
8" Concrete Masonry Unit (CMU) — 2.1
with Perlite Fill
Cement Mortar 120 0.15
Concrete 140 0.05
6 mil Plastic — Negligible
EPS Insulation, Type II 1.3 4.0
EPS Insulation, Type IX 1.8 4.2
XPS Insulation, Types IV, V, VI, VII 1.6 - 3.0 5.0
FINISH FLOORING MATERIALS
Carpet and Fibrous Pad 2.08
Carpet and Rubber Pad 1.23
APPENDIX III
Building Material R-Values
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APPENDIX IV
Insulation Requirements for Energy Conservation
At the time that this guide was prepared, twenty-five states and many local municipalities had
adopted the IRC and or the International Energy Conservation Code® (IECC). Chapter 11 of the
IRC, Energy Conservation, prescribes thermal resistance values for slab and crawl space walls in
conventional light framed structures of 2x4 studs with a maximum glazing ratio of 15%. Some
values are greater than prescribed in Table 3 for FPSF performance, only. Stakeholders who
want to incorporate the IRC’s energy conservation prescriptive methods may use Table 10, of this
section. The insulation R-values represented in Table 10 are significantly higher than the
minimums required of the FPSF design, for most climates. Designs that follow the IECC, which
allows tradeoffs in building component R-values, should use Table 3 and adjust the thermal
resistance values of the foundation insulation upward.
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Table 10. Insulation Requirements for FPSFs vs. Insulation Requirements for Energy
Conservation in Heated Buildings1
Requirement for FPSF Design Requirement for Energy
Conservation Design2
Air Vertical Horizontal Heating Nominal
Freezing Insulation Insulation Degree Vertical Insulation
Index R-Value4,5 R-Value4,5 Days (HDD)6 R-Value5
(°F100)3
Along At Base- Slab Crawl-Walls Corners ment space
1,500 4.5 NR NR < 2,000 Requirement is less thanor approx. equal to FPSF
2,000-2,999 6 4 7
3,000-3,999 8 5 10
4,000-4,999 9 6 17
1,500 4.5 NR NR 5,000-5,999 10 9 19
6,000-6,999 11 11 20
7,000-8,499 11 13 20
2,000 5.6 NR NR 6,000-6,999 11 11 20
7,000-8,499 11 13 20
7,000-8,499 11 13 20
2,500 6.7 1.7 4.9 8,500-8,999 18 14 20
9,000-12,999 19 18 20
7,000-8,499 11 13 20
3,000 7.8 6.5 8.6 8,500-8,999 18 14 20
9,000-12,999 19 18 20
7,000-8,499 11 13 20
3,500 9.0 8.0 11.2 8,500-8,999 18 14 20
9,000-12,999 19 18 20
7,000-8,499 11 13 20
4,000 10.1 10.5 13.1 8,500-8,999 18 14 20
9,000-12,999 19 18 20
1 These tables compare minimum R-value requirements for FPSF design and energy conservation design. To meet both
requirements, the designer must know the AFI and the HDD. The minimum R-value for an FPSF is determined with
the AFI and the minimum R-value for energy conservation is determined with the HDD. The higher R-value of the two
shall be used to meet both FPSF and energy design requirements.
2 The R-values shown in this condensed table are for the HDD ranges indicated. Lower R-values may be obtained by
using expanded tables, such as those in the International Energy Conservation Code (IECC) if desired.
3 See Figure 4 for Air-Freezing Index (AFI) values.
4 Use “Effective” R-values (Table 2) when choosing insulation for this application.
5 Upgrading the vertical insulation in an FPSF to that required for energy conservation does not preclude the horizontal
insulation requirement.
6 Heating Degree Days are the aggregate of the difference between the simple daily average temperature and 65°,
when the daily average falls below 65°. HDD information by region is available in the IRC, Table 602.1, local
newspapers, and the Nat’l Oceanic and Atmospheric Administration, http://www.ncdc.noaa.gov/oa/documentlibrary/
hcs/hcs.html
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Kitrina (Kitty) Stratton                                   
5323 St. Croix Trail 
Afton, MN  55001 
612.840.3093 cell       
kitrinas99@aol.com    
 
Professional Profile 
An accomplished sales and marketing professional with over 25 years experience in 
diverse industries. Recognized for the ability to build strong relationships, listen to and 
understand customer/client needs, great critical thinking skills and solve problems 
creatively, while understanding different procedures: great at handling difficult situations 
and at ease explaining innovative and complex solutions and a love educating and 
training clients on ideas, products, services. 
 
Education      
  UNIVERSITY OF NEVADA LAS VEGAS 
  MASTERS OF ARCHITECTURE • Environmental Building Design Science 
  Fall 2010 – Fall 2014 (Defense Completion date 09/05/2014)   
  Outstanding Student Book Award- Environmental Building Design Science 2014 
   
PURDUE UNIVERSITY • West Lafayette, IN 
BACHELOR OF ARTS • 1979  
Majors: Graphic Design/Communication 
                Interior Design (Contract) 
  
PURDUE UNIVERSITY • West Lafayette, IN 
Graduate Study in Clothing Design 1981-1982 
  
UNIVERSITY OF WISCONSIN - MILWAUKEE 
Graduate Study in Political Science 1992 – 1993 
 
Professional Experience  
 
HOMZ  • June 2014 to Present 
Internship - Energy evaluations, strategic planning on energy upgrades and 
recommendation for a private low-income housing concern.  
   
VIN SAVAGE  • October 2007 to Nov 2009 
Fine Wine Representative- (Part time) Responsible for sales for a diverse set of accounts 
 
BRIGHTMARKS, LLC  • March 2008 to October 2008 
National Accounts Representative for a graphic enhancement and finishing company.   
Responsibilities: Opened an all new account base on a national basis, for using graphic  
finishing techniques for the printing industry. 
  
KLINGER FINANCIAL  • July 2007 to March 2008 
Assistant 
Responsibilities:   Plan and implement marketing and promotional efforts for mortgage  
 consulting business, focusing on developing and maintaining clients to secure future role  
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 in Las Vegas commercial and residential markets.  •  Executed the protocol program for  
 the organization.  •  Responsible for overall budget management of branch office.  
  
   
   
  SEIDEFFECTS  • Sept. 2005 to March 2007 
  Personal Life Coach  
Advised numerous clients on life strategies to progress and move forward in the careers 
and personal life situations 
   
LETTERHEAD PRESS, INC. • February 1994 to July 2005  
National Accounts Representative 
Responsibilities: To call on current local clients and develop new accounts 
Accomplishments: Expanded client base from local commercial printers to top four  
Nationally recognized consumer products companies and top four paperboard  
packaging companies  •  Evolved a commercial graphic arts treatment into a  
nationally recognized packaging enhancement by educating Marketing, Engineering  
and Purchasing departments • First in industry to develop and execute an extensive in 
store marketing study for use in Marketing presentations showing increase in brand 
presence on shelf  •  Developed into the leading packaging enhancement vendor for 
consumer packaging, enjoying 95% of market  •  Achieved an exclusive vendor status for 
General Mills through sound relationship building  •  Achieved a preferred vendor status 
with Graphic Packaging International, Rock Tenn and Smurfit Stone Container, Battle 
Creek   •  Developed and presented many Power Point presentations to major food 
manufacturers, their advertising agencies and large paperboard packaging suppliers  •  
Involved in solutions to increase weekly output by 600% over 4 years  •  Involved in 
reducing lead times by 65%  • Involved in helping to continuously improve quality and 
reduce prices by 50% over a nine year period of time • Planned scheduled and managed 
protocol programs involving distinguished clients, ie: General Mills, Kellogg's, Post and 
others. 
  
SEIDEFFECTS • 1990 to 1994 
Owner/Art Director and Consultant  
Responsibilities: Design, direct, produce and procure business collateral and sales 
 promotion tools for clients. 
Accomplishments: Working with the Greater Milwaukee Committee, designed, produced 
 and procured resources for yearly promotional calendar, Milwaukee’s Entertaining Dates, 
 which was distributed and sold locally. • Planned, scheduled, conducted, budgeting 
 reviews and advised senior leadership of proper procedures. •  Worked the installation of 
 art and resources from cradle to grave to ensure proper protocol and scheduling was 
 accomplished for the unveiling of the collaboration 
 
HM BOUER PAPER • 1986 to 1990 
Sales Promotion/ Marketing Manager  
Responsibilities: The promotion of paper sales to creative specifiers and printers. 
Accomplishments:  Responsible for sales increase of more than 300% in a four year 
period of time • Successfully created and implemented many marketing promotion 
campaigns that directly contributed to the increase in overall sales  •  Originated and 
implemented quarterly customer educational seminars and a yearly promotion event for 
500 customers. • Executed and planned visits for distinguished individuals and groups. 
Planned, organized, and executed communicative controls for all visits by visiting 
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dignitaries.  • Authorized reduction funding for events in order to stay within budget 
parameters. • When visits were approved, work it from cradle to grave to ensure proper 
protocol and scheduling is accomplished. 
 
 
MOUNT SINAI MEDICAL CENTER • 1984 to 1986 
Art Director/Marketing 
Responsibilities: The conceptualization, design, production and procurement of a broad 
array of printed media. 
Accomplishments:  Redesigned booklets and publications to achieve consistent corporate 
image • Manage all aspects of graphic design/production including photography 
direction, paper selection, vendor negotiations and production management. 
  
GIMBLES, MIDWEST • 1982 to 1984 
Graphic Designer  
Responsibilities: The design and production of printed media.  
Accomplishments:  Designed multiple use advertisements within dead lines  
                                                    
THE PAKCO CORP. • 1979 to 1981 
Graphic Designer and Project Coordinator  
Responsibilities: The design, cost estimation and prototype evaluation of all new 
 packaging requests • technical representative to established and prospective customers.  
Accomplishments:  Developed promotional concepts for proprietary packaging lines 
 following extensive market research  • Conceptualized and implemented new corporate 
 identity 
  
PURDUE UNIVERSITY, CREATIVE ARTS DEPARTMENT •1980  
Guest Lecturer  
Responsibilities: The teaching of a sophomore level graphic design course. 
                            
ST. ELIZABETH MEDICAL CENTER • 1978 to 1979 
Graphic Designer/Marketing   
Responsibilities: Design and layout of graphic media for medical seminars and 
administrative meetings • other duties included medical photography and darkroom work.  
Accomplishments: Redesigned monthly and quarterly publications • Researched and 
designed exterior signage system • Designed yearly fund raising slide presentation 
  
Additional Education 
INTERNATIONAL SOMMELIER GUILD – May 2007-May 2008        
Completed Wine Fundamentals I, Wine Fundamentals II, Sommelier Certificate 
Program 
 
Professional Organizations 
  AIGA - Las Vegas Chapter 
  Institute of Packaging Professionals - Minneapolis Chapter 
 
Professional Presentations 
    2001 Holographic Association 
“Holographic Packaging” 
1989 Public Relations Association, Fox River Valley Branch 
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“Trends in Design in the 90”s” 
1980 National Association of Packaging Engineers 
“Aspects of Flexible Packaging" 
 
                                     
Awards      
2014  Outstanding Student Book Award, Environmental Building Design UNLV SOA 
2002  Sales Person of the year, Letterhead Press 
2001  Sales Person of the year, Letterhead Press 
2000  Sales Person of the year, Letterhead Press 
1989 "The Official Urban Almanac"/ Creative Director 
Addy Award, 3RD Place 
Certificate of Design Excellence, PRINT Magazine  
Communication Arts Photo Annual, Award of Excellence  
One Show, Merit Award  
1979 Purdue University Small Print Exhibition 
Honorable Mention • "People"/Eraser Print on Color Aid Paper 
1973 Lafayette Art Center High School Competition 
Honorable Mention • Cast Sterling Silver Bracelet with Stone 
1972 Indiana High School Scholastic Art Competition 
Honorable Mention • 14K Cast Gold Ring 
 
 Personal Development  
The Way of the Shaman, Institute for Shamanic Studies  
One Year Intensive Workshop, Shamanic Healing and Community, Myron Eshowsky 
Dreaming and Shamanism, Robert Moss  
One Year Intensive, Plant Spirit Medicine with Eliot Cowan,  
One Year Intensive, Community and Ritual, Maladoma and Sobonfu Some  
Two Year Intensive Apprentice Program, Shamanism and Community,  
     Myron Eshowsky 
Women and Healing, Sobonfu Some 
Extraction, Institute for Shamanic Studies 
Death and Dying, Institute for Shamanic Studies 
 
Avocations 
 Volunteer/Housing Investigator/Designer, Manitoba Keewatinowi Okimakanak Inc.  
 (MKO, INC.a Manitoba Canadian First Nations representative organization) 
 Shamanic Healing Work for individual clients  
  
Hobbies/Interests 
Bikram Yoga/Hot Yoga, Running, Outdoor Activities: Hiking/Camping/Canoeing, 
Reading, Cooking, Sewing, Gardening, Home Construction 
 
Places Traveled (Outside the United States) 
Jamaica, Puerto Rico, Mexico, Canada, Norway, Denmark, England, France, Germany, 
 Switzerland, Italy, Malta, Israel, Jordan,  Japan, Australia, New Zealand, Thailand, Bali, 
 Philippines, Vietnam, Mongolia 
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Alfredo Fernandez-Gonzalez 
Professor of Architecture 
Director, Natural Energies Advanced Technologies Laboratory  
University of Nevada, Las Vegas 
4505 N. Maryland Parkway, Box 454018 
Las Vegas, NV 89154-4018  
  alfredo.fernandez@unlv.edu 
 
Eric Weber 
  Assistant Professor of Architecture 
  Coordinator, David G. Howryla Design Build Studio 
  University of Nevada, Las Vegas 
  4505 N. Maryland Parkway, Box 454018 
  702.717.2142 mobile 
  702.895.0934 office 
  eric.weber@unlv.edu 
 
Richard Reindl  
Vice President 
Letterhead Press 
16800 W Ryerson Road 
New Berlin, WI 53151 
262-442-9816 cell       
  dick@letterhead-press.com 
 
